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Magnetic separation process involves magnetic particles, carrier liquids, 
complexes and target molecules. Magnetic separation is used for isolation and 
purification of chemicals (such as metal ions and organics) or biologically active 
compounds (such as proteins, enzymes, nucleic acids) out of a mixture. The principle of 
separating biological compound using the magnetic separation process is, at first the 
magnetic particles are combined with the intermediates to form a complex and then these 
complex particles are allowed to interact with the target molecules and finally the 
particles are separated from the mixture by using gradient magnetic field. However, bared 
magnetic particles can also be used for magnetic separation. The basic concept is to 
utilize the physical and specific chemical interactions between magnetic complex 
particles and target molecules. The interaction forces involved in magnetic separation 
process are electrostatic, hydrophobic and specific ligand interactions. In recent years, 
much interest has been focused on smart and intelligent stimuli responsive polymeric 
materials which can respond to small external stimuli such as pH, temperature and ionic 
strength. 
These stimuli responsive smart and intelligent polymeric materials can respond in 
shape or volume changes to small external stimuli such as temperature, pH, ionic strength 
etc. Among these, N-isopropylacrylamide (NIPAM) is the most widely studied 
thermosensitive polymer. It has a Lower Critical Solution Temperature (LCST) of 32oC 
in water. It collapses and shrinks above the LCST and swells and expands below the 
LCST of the polymer. Due to its well defined and reversible lower critical solution 
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temperature poly (N-isopropylacrylamide) (PNIPAM) has long been investigated as a 
versatile tools in biology.  
Thermosensitive polymer coated nanomagnetic adsorbents are synthesized by 
seed polymerization using surface modified nanomagnetic particles as the seeds. The 
Fe3O4 nanomagnetic particles are prepared by chemical precipitation of Fe2+ and Fe3+ 
salts in the ratio of 1:2 under alkaline and inert condition. The surface of these particles is 
modified by surfactants to achieve stability against agglomeration. These stable particles 
are then polymerized using N-isopropylacrylamide (NIPAM) as the main monomer, 
methylene-bis-acrylamide as the crosslinker and potassium per sulfate as the initiator. 
The thermosensitive adsorbents are characterized by using Transmission Electron 
Microscopy (TEM) and Vibrating Sample Magnetometer (VSM). TEM showed that the 
particle remained discrete with a mean diameter of 12 nm. Magnetic measurements 
revealed that the particles are superparamagnetic only with a small decrease of 
magnetism after binding with the polymer due to the increase in surface spin 
disorientation. Pure Fe3O4 spinel structure of these nanoparticles is indicated by the X-ray 
diffraction (XRD) patterns. The polymerization of NIPAM with the surface modified 
nanomagnetic particles is confirmed by Fourier Transform Spectroscopy (FTIR), 
Thermogravimetric Analysis (TGA) and X-ray Photoelectron Spectroscopy (XPS).  
Adsorption and desorption behavior of Bovine Serum Albumin (BSA) and 
lysozyme on surface modified magnetic nano-particles covered with thermosensitive 
(PNIPAM) polymer is investigated as a function of temperature, pH and ionic strength. 
The adsorption results exhibited both pH and temperature sensitivity. The result show 
that the temperature effect on adsorption/desorption behavior is mainly dependent on the 
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properties of the particles’ surface. The effect of pH is also investigated and observed the 
maximum amount of protein is adsorbed near the isoelectric point of BSA and lysozyme. 
Desorption results showed that more protein is desorbed when adsorption is done at 
lower temperature. Desorption efficiency is found to be greater than 80%. 
Conformational changes in BSA and lysozyme upon desorption from nanomagnetic 
particles are studied by circular dichroism and intrinsic fluorescence spectroscopy. 
Lysozyme desorbed by NaH2PO4 showed very little conformational changes while 
desorption by NaSCN showed significant conformational changes. 87% enzymatic 
activity is retained in the desorbed enzyme for desorption by NaH2PO4.  
Adsorption of BSA on carboxylated thermosensitive microspheres is also studied 
as a function of temperature, pH and ionic strength. These particles are prepared by 
adding methacrylic acid (MAA) in the polymerization process. Adsorption of BSA on the 
thermosensitive magnetic particles is mainly dependent on the properties of the particles’ 
surface. By increasing the temperature above the LCST of PNIPAM the particles shrank 
and are able to adsorb larger quantity of proteins, which is subsequently desorbed at 
lower temperature. It is believed that carboxylated thermosensitive particles adsorb 
proteins through hydrogen bonding. When the two extremes of hydrophobic interaction 
and hydrogen bonding interaction are compared, it is found that more protein are 
adsorbed using the later interaction. The adsorption equilibrium of BSA on 
thermosensitive nanomagnetic particles are fitted by Langmuir-Freundlich model. This 
study shows thermosensitive nanomagnetic particles are effective tools for the isolation 
and purification of biochemicals. 
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Chapter 1 Introduction 
1.1 General background on magnetic separation 
Separation is a very important part in the downstream process of chemical 
industries, which includes enrichment, concentration, purification and isolation of target 
molecules from the feed solution. During the past decades chromatography, filtration, and 
distillation methods have been developed for separation purposes. Compared to these 
conventional separation processes magnetic separation is gaining more and more 
attention due to its speed, accuracy, simplicity and effectiveness. Previously, magnetic 
separation has been developed as a technique to separate mainly ferromagnetic materials 
but recent development has made possible the separation of non magnetic materials. 
Magnetic separation involves magnetic particles, carrier liquids, complexes and target 
molecules. The process is used for isolation and purification of chemicals (such as metal 
ions and organics) or biologically active compounds (such as proteins, enzymes, nucleic 
acids) (Kondo and Fukuda 1997; Abudiab  and Beitle 1998) from a mixture. The 
principle of the magnetic separation process is, at first the magnetic particles are 
combined with the intermediates to form a complex. These complex particles can interact 
with the target molecules and then by using gradient magnetic field the target is separated 
from the mixture. The basic concept is to utilize the physical interactions between 
magnetic complex particles and target molecules and as well as the specific chemical 
interactions between the particles and target molecules. The interaction forces involved in 
magnetic separation process are electrostatic, hydrophobic and specific ligand 
interactions.  
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1.1.1 Functionalized nano-magnetic particles 
Magnetic separation has numerous applications in biotechnology and biomedical 
diagnostics such as cell sorting, nucleic acid detachment, enzyme immobilization, drug 
delivery and protein adsorption and purification (Kemshead et al. 1985; Hancock  and 
Kemshead 1993; Safarik and Safarikova 1999). However, despite the potential benefits of 
this technology, it still remains limited to analytical rather than preparative scale 
applications largely due to low binding capacity and insufficient surface area of the 
available materials. Therefore to overcome this problem a significant reduction in particle 
size must be achieved to have higher resistance to fouling, better mass transfer and lower 
non-specific adsorption capacity of the particles. Previously, sub-micron to micron sized 
particles of adsorbents was used for magnetic separation process. Recently, nano-
magnetic particles have attracted an increasing interest in the field of nano-science and 
nanotechnology due to novel and unique physiochemical properties, particle size and 
shape morphology.  Since, nano-magnetic particles have large surface area to volume 
ratio they tend to aggregate to reduce their surface energy. Therefore, to attain 
agglomerative stability the particles are coated with surfactants which hinder the particles 
approach to each other at a distance at which the attraction energy between the particles 
is larger than the disordering energy of thermal motion (Shen et al. 1999). Different 
researchers are using different surfactants for functionalizing the surface of nano-
magnetic particles to increase the stability of the nano-particles. In recent years, much  
interest has been focused on modifying the surface of the nano-particles by smart and 
intelligent polymers and thereby impart surface reactivity (Khng  et al. 1998; Xue and 
Sun 2002; Zhang et al. 2003). These smart and intelligent stimuli responsive polymeric 
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materials can respond to small external stimuli such as pH, temperature and ionic strength 
by changing their shape and volume. The main advantage of using these smart polymeric 
material coated nano-magnetic particles is that, separation could be achieved without 
significant change in the environmental factors (such as temperature, pH). Therefore, 
mild conditions of the biomaterials can be maintained throughout the process.  
1.2 Research objective and significance 
Many researchers focused on micro sized magnetic particles for separation of 
biomolecules.  However, no work so far has been published on the preparation of organic 
inorganic nano-composite materials using double surfactant and thermosensitive polymer 
N-isopropylacrylamide (PNIPAM) coated inorganic materials and their use as a tool for 
bioseparation. The adsorption equilibrium and effects of different parameters (such as 
pH, temperature and ionic strength) still need to be studied in details for thermosensitive 
nano-magnetic particles. Moreover, conformational change of proteins during processes 
of extraction by thermosensitive nano-magnetic particles also needs to be studied in 
details. Desorption is another important parameter of separation process for the recovery 
of target molecule from the adsorbed surface. Therefore, more focus should be given on 
desorption of protein from thermosensitive nano magnetic particles. Finally, since most 
of the previous work focused only on one interaction forces, comparison of interaction 
forces between thermosensitive and carboxylated thermosensitive polymer coated nano-
magnetic particles is also very important. 
The objectives of this work are summarized as follows: 
1. Synthesis of organic inorganic nano adsorbents using surface modified Fe3O4 as the 
core and N-isopropylacrylamide as the polymer shell.   
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2. Adsorption of protein at different temperatures, pHs and ionic strengths.  
3. Study on desorption of the adsorbed targets. 
4. Study of desorbed of BSA as a function of temperature and ionic strength 
5. Evaluation of conformational changes of desorbed targets 
6. Comparison of interaction forces for adsorption of protein on thermosensitive and 
carboxylated thermosensitive nano-magnetic particles. 
1.3 Organization of the thesis 
The present thesis is organized into eight chapters. Chapter 1 give a brief 
introduction of magnetic separation, and thermosensitive polymer coated nano-magnetic 
particles, the objectives of the thesis and a structural organization of the whole thesis. A 
review of related literature is presented in Chapter 2. Chapter 3 present the materials and 
methods of preparing thermosensitive nanomagnetic particles and the characterizations of 
the nanomagnetic particles are described in Chapter 4. Chapter 5 present the adsorption 
desorption and conformational changes of desorbed BSA, which is known as soft protein. 
Similar experimental studies for hard protein lysozyme have been detailed in Chapter 6. 
In Chapter 7 magnetic separation method is extended and applied for BSA from MAA 
coated thermosensitive nanomagnetic particles. Conclusions together with future 
recommendations are given in Chapter 8. 
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Chapter 2 Literature Review 
2.1 Magnetic Separation  
 Chromatography is a powerful technology for the purification of biological 
substances in both analytical and preparative scales. However, packed bed 
chromatographic column is prone to clogging so that this method is not suitable for 
processing particulate feed stocks such as whole fermentation broth, cell disruptions and 
unclarified biological extracts. To overcome this drawback, various alternative separation 
techniques have been developed, including fluidizing bed adsorption (Safarik and 
Safarikova 1999),  expanded bed adsorption and magnetic separations (Xue and Sun 
2001). These techniques offer great opportunities for process integration by achieving 
particulate removal and desired product capture in a single operation.  
Magnetic separation is a unit operation to separate particles by differences in their 
magnetic properties. Magnetic separation has been developed as a technique to separate 
mainly magnetic materials, but recent development has made possible the separation of 
non-magnetic materials also.  
2.1.1 Classification of magnetic separation  
Magnetic separation technique is divided in to different classes as shown in Figure 2-1.  
1. Magnetic separation ( In a narrow sense): In a narrow sense, magnetic separation is a 
separation technique whose goal is to concentrate a magnetic material, to remove 
magnetic impurity or to extract valuable magnetic materials by discharging the particles 
captured by a magnet at a position depending on their magnetic properties. 

















Figure 2-1 Magnetic separation processes 
2. Magnetic filtration: Magnetic filtration is the method to separate magnetic particles by 
capturing them in a filter.  
3. Magnetic flotation: Magnetic interactions are used to separate materials of different 
density by magnetic flotation. 
4. Magnetohydrostatic separation: When the separation target is non-magnetic or an ion, 
the magnetic reagent method, in which the separation target is sprinkled with a magnetic 
reagent, is employed. Magnetohydrostatic separation is used to separate non-magnetic 
materials suspended in a magnetic fluid by adjusting the magnetic buoyant force on 
materials with a magnetic gradient field. 
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2.1.2 Mechanism of magnetic separation 
Magnetic separation involves the transportation of magnetic or magnetically 
susceptible particles in a gradient magnetic field. Generally, magnetic separation can be 
divided into two parts, 1. Separation of magnetic materials and 2. Separation of non-
magnetic materials. In the first method, magnetic separation of the target molecule could 
be achieved without further modification of magnetic materials.  For example separation 
of colored magnetic impurities from kaolin clay, magnetic particulates from stack gases, 
magnetic impurities from waste water treatment, magnetic materials in mineral 
beneficiations, and magnetotactic bacteria containing magnetic particles inside their cells 
(Hirschbein et al. 1982). Most of the application of magnetic fractionation can be 
classified in the second type. The principle of this separation process is to use magnetic 
particles coated with some intermediates, such as surfactant, polymer and ligand to 
adsorb the biomolecule, which can be separated by magnetic field gradient. The 
applications of this type mainly deals with enzyme immobilization (Dekker 1989; Kondo 
and Fukuda 1997), cell sorting (Molday  and Molday 1984; Hancock  and Kemshead 
1993; Haik et al. 1999; Honda et al. 1999), nucleic acid detachment (Uhlen 1989; 
Levison  et al. 1998), protein adsorption and purification (OBrien et al. 1996; Abudiab  
and Beitle 1998) and drug delivery (Rusetski and Ruuge 1990). The whole process of 
separation of non-magnetic target by magnetic separation method is illustrated in Figure 
2-2. 












Figure 2-2 Schematic diagram of the magnetic separation of non magnetic targets 
2.1.3 Driving forces for protein adsorption at solid surfaces 
Proteins are copolymers of some 22 different amino acids of varying 
hydrophobicity. As a consequence, proteins are more or less amphiphilic and therefore, 
usually highly surface active. Moreover, a number of amino acid residues in the side 
groups along the polypeptide chain contain positive or negative charges. This makes the 
protein an amphoteric polyelectrolyte. The adsorption behavior of proteins at solid 
surfaces is the net result of various types of interaction like hydrophobic, electrostatic and 
ligand binding interactions.  Temperature, pH and presence of salt also affect the 
adsorption of protein on magnetic particles. Other driving forces such as hydrogen 
bonding, van der Waals forces may also contribute to the adsorption of proteins on solid 
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Figure 2-3 Schematic diagram of interaction mechanisms with magnetic particles 
1. Electrostatic interaction: Protein molecules have both positive and negative surface 
charges, electrostatic interaction may guide the protein to orient in the unique direction to 
bond with the oppositely charged surface of magnetic particles. Electrostatic interaction 
between protein and magnetic particles also exists at the isoelectric point of the protein 
due to the fact that charge distribution on protein is not uniform. The conventional low 
charge microspheres rarely form these bonds. Some researchers mentioned that 
electrostatic interaction is the most important, so the adsorption is controlled by surface 
charge. Some researchers studied the electrostatic aspects of the interaction between 
monomeric bovine serum albumin and polystyrene latex particles (Elgersma et al. 1992). 
Other researchers also investigated the effect of surface charge on adsorption of two  
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2. Hydrophobic interaction: Hydrophobic interaction has a major role in protein 
adsorption phenomena. This interaction is mainly entropically based effect. The 
adsorption of proteins on the low charge microspheres occur by this interaction. Proteins 
are linear chains of amino acid linked by peptide bonds between carboxyl group of one 
amino acid and the amino group of the other. Basically, hydrophobic amino acid residues 
are located in the interior of the protein with hydrophilic charged group present at the 
outside. Generally, monomers such as styrene offer hydrophobic surfaces where the 
protein molecules are adsorbed. Protein adsorption is greater on a hydrophobic surface 
than on a hydrophilic surface. Some researchers concluded that hydrophobic interaction 
is the most important aspect of protein adsorption and increasing the hydrophobicity will 
result in a high level of adsorption (Suzawa and Murakami 1980; Suzawa et al. 1982; Lee 
and Ruckenstein 1988). 
3. Specific ligand adsorption: Specific affinity ligand can promote the adsorption of some 
specific protein on magnetic particles which can not be separated by conventional 
separation methods. For example soya bean trypsin inhibitor was coated on sub micron 
magnetic particles to extract trypsin (Khng  et al. 1998). 
4. Hydrogen bonding: Hydrogen bonds are formed between hydroxyl-carbonyl or amide-
carbonyl radicals, and hydroxyl-hydroxyl or amide-hydroxyl bonds are also formed in 
protein adsorption. Carboxyl groups are also important in protein adsorption.  
5. van der Waals interaction: This interaction force is operative over small distances, 
only when water has been excluded and the two non-polar groups come close to each 
other. It was observed that the van der Waals interaction is negligible compared with the 
forces involved in the entropy increase that is hydrophobic interactions (Lewin 1974). 
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Overall adsorption of target molecules on magnetic particles is complex 
processes. It is believed that these interaction mechanisms can contribute to the 
adsorption of target molecule on magnetic particles either individually or synergically. 
Therefore, it is necessary to identify the critical steps in the adsorption, and thereafter to 
utilize a suitable interaction mechanism for the separation of desired products. 
2.1.4 Advantages of magnetic separation  
 Compared to conventional separation processes, magnetic separation has the 
following advantages: 
• Magnetic separation can eliminate expensive centrifugation and phenol extraction 
steps. Regeneration of magnetic particles can be easily achieved for the recycling 
use. 
• Strong permanent magnet ensures efficient separation between supernatant and 
particles. 
• Functionalized magnetic beads have excellent affinity matrix. They can be easily 
used to couple with proteins, antibodies, glycoproteins and enzymes for many 
applications. 
• They can be easily modified to carry different surface functional groups such as 
amine, carboxy and epoxy groups. Which are highly useful for separating 
biomolecules and cells from a wide range of sample materials, e.g. tissue, blood, 
foodstuffs, water or soil. 
• They have controllable sizes ranging from few nano-meters to tens of nano-
meters. 
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• They can be manipulated by external magnetic field, generated either by a 
permanent magnet and /or electric magnet. So it is simple and relatively easy to 
carry out batch adsorption on magnetic particles.  
• Nano-sized magnetic particles have large specific surface area so adsorption 
capacity is high. 
• Some specific targets, which can not be separated by conventional separation 
method, can be adsorbed on magnetic particles coated with desired intermediates. 
With specific ligand, the adsorption of target can occur on the specific spots on 
the magnetic particles. Selectivity for specific targets can be achieved. 
2.2 Magnetic particles 
Magnetic particles are of importance not only in industrial technology but also in 
environmental technology and in the functions of some bio systems as well as in 
scientific interest. Recently, magnetic particles have had wide applications in the 
biological and medical diagnostic fields.  
2.2.1 Types of magnetic particles 
 The most commonly used magnetic particles are magnetite (Fe3O4) and 
maghemite (γ- Fe2O3). Other types of magnetic particles are MeO. Fe2O3, where Me = 
Ni, Co, Mg, Zn, Mn.  
Magnetic particles are classified into four groups according to the strength of their 
interaction with applied magnetic field (Hirschbein et al. 1982). The schematic 
representation is summarized in Table 2-1. 
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2.2.2 Preparation of magnetic particles 
In using fine magnetic particles, particle size is the most important parameter, as 
are other qualities, such as crystallinity and composition, since the magnetic properties of 
the particles are strongly influenced by these properties. Therefore, it is advantageous that 
the particles are formed uniformly in size and shape or in a narrow size distribution in the 
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desired size ranges. The preparation of colloidal particles with a narrow size distribution 
has been investigated by colloid chemists for a long time (Lee and Pope 1994). 
The conditions necessary for the formation of magnetic particles are essentially 
the same as for non-magnetic particles but some special precautions are necessary 
because of strong magnetic interactions among the particles.  
The essential parameters are: 
1. Separation of the nucleation process from the growing process 
2. Protection of particles from aggregation 
3. A controlled supply of precursor materials and  
4. Temperature and pH of the solution 
These parameters are intimately related, and sometimes it is difficult to separate them. 
Thus the concentration of starting material, reaction temperature and pH in the solution 
must be optimized. One of the most common methods is the chemical precipitation 
method. It involves the reaction between ferric, ferrous in an alkaline condition under 
inert atmosphere.  The advantage of this method is that it is fast, effective, low cost and 
can produce monodispersed nano-magnetic particles. The chemical precipitation method 
is based on the following chemical reaction (Berkovski et al. 1993). 
FeCl2.4 H2O + 2FeCl3.6H2O + 8NH4OH = Fe3O4(s) + 8NH4Cl + 20 H2O      [2-1] 
 
Effect of pH is very important in this reaction as it will not only affect the composition of 
magnetic particles but also the stability. In acid media magnetite is not stable and will 
decompose to maghemite in the presence of H+ according to the following reaction, 
because Fe2O3 is more stable in acid environment.  
                                          23 4 2 3 2
HFe O Fe O Fe H O
+ +⎯⎯→ + +                                 [2-2] 
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2.2.3 Basic concepts of magnetic materials 
If a magnetic material is placed in a magnetic field of strength H, the individual 
atomic moments in the material contribute to its overall response, the magnetic induction:  
                                                 0 ( )B H Mμ= +                                                         [2-3] 
where, μ0 is the permeability of free space, and the magnetization M = m/V is the 
magnetic moment per unit volume, where, m is the magnetic moment on a volume V of 
the material. All materials are magnetic to some extent, with their response depending on 
their atomic structure and temperature. They may be conveniently classified in terms of 
their volumetric magnetic susceptibility, χ, where, 
                                                       M Hχ=                                                               [2-4] 
M describes the magnetization induced in a material by H. In SI units’ χ is dimensionless 
and M and H are expressed in A m-1. 
2.2.4 Forces on magnetic particles 
A magnetic field gradient is required to exert a force at a distance; a uniform field 
gives rise to a torque, but no translational action. From the definition of the magnetic 
force acting on a point like magnetic dipole m  
                                                 ( . )mF m B= ∇                                                             [2-5] 
For dilute suspension of nanoparticles in pure water, we can approximate the overall 
response of the particles plus water system B=μ0H, so that equation 2-4 becomes: 







Δ= ∇                                                           [2-6] 
where, F is the magnetic force, χ is the magnetic susceptibility of magnetic particles, Vm 
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is the volume of the magnetic particles, μ0 is the permeability of free space, and B is 
magnetic flux density. In general, the magnetic force exerted on magnetic particles by 
magnetic field can be used to capture particles. 
2.2.5 Properties of magnetic particles 
One of the fascinating properties of magnetic particle is the superparamagnetism, 
which is characterized by zero intrinsic coercivity and no residual magnetism. 
Superparamagnetism is the phenomenon by which magnetic materials exhibit a behavior 
similar to paramagnetism at temperatures below the Curie or the Neel temperature.  
Normally, coupling forces in magnetic materials cause the magnetic moments of 
neighboring atoms to align, resulting in very large internal magnetic fields. At 
temperatures above the Curie temperature, the thermal energy is sufficient to overcome 
the coupling forces, causing the atomic magnetic moments to fluctuate randomly. 
Because there is no longer any magnetic order, the internal magnetic field no longer 
exists and the material exhibits paramagnetic behavior. Superparamagnetism occurs when 
the material is composed of very small crystallites (1-10 nm). In this case even though the 
temperature is below the Curie or Neel temperature and the thermal energy is not 
sufficient to overcome the coupling forces between neighboring atoms, the thermal 
energy is sufficient to change the direction of magnetization of the entire crystallite. The 
resulting fluctuations in the direction of magnetization cause the magnetic field to 
average to zero. The susceptibility of magnetic fluid can be described by the Curie law.  
                                                   ( - )c
Cx
T T
=                                                                 [2-7] 
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2.3 Surface modification of magnetic particles 
Ferro-fluids are stable colloidal suspensions of single domain ferromagnetic 
particles in a liquid carrier. Since bared nano-sized particles have a tendency to aggregate 
and thereby reduce their surface energy and active surface area, coating the magnetic 
nano-particles by functionalized materials is important for preparing stable magnetic 
particles and inducing functional groups on the surface of particles. The particles in ferro-
fluids are coated with layers of surfactants to enable stabilization against gravitational 
force and to avoid strong interaction and agglomeration of the particles. The adsorbed 
surface layer hinders the particles’ approach to each other at a distance at which the 
attraction energy is larger than disordering energy of thermal motion hence, leading to 
stabilization of the particles (Cullity 1972). Another advantage of coating process it that 
the magnetite nano-particles could be encapsulated by a polymers more easily (Deng et 
al. 2003). However, one cannot neglect the interaction mainly arises from the dipole-
dipole interaction between the particles. The effect of this interactions has been studied 
extensively over the past few years (Popplewell and Sakhnini 1995). These nano-
crystalline magnetic particles have attracted an increasing interest in the field of nano-
science and nanotechnology because of their unique and novel physicochemical 
properties that can be attained according to their particle size and shape morphology 
(Kaiser  and Miskolczy 1970; Ozin 1992; Kang et al. 1996; Pileni 2001). In addition 
considerable efforts have been given to the modification of the surfaces of such magnetic 
particles with polymeric substances to receive organic-inorganic nano-composites. These 
nano-composites has made accessible an immense area of new functional materials 
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(Caruso 2001; Chen and Li 2002). There are different methods of surface modification 
for the separation of chemical and biochemical molecules: 
 
1. Coated with metal chelating agent (OBrien et al. 1996) 
2. Coated with functional ligand (Suzuki et al. 1995; Rocha et al. 2001; Sun and 
Tilton 2001; Tong et al. 2001; Yu et al. 2001; Xue and Sun 2002) 
3. Coated with thermosensitive polymer (Ding et al. 2000; Elaissari and Bourrel 
2001) 
2.4 Thermosensitive (PNIPAM) magnetic particles for separation  
In recent years, there have been of great interest in the fabrication of stimuli 
responsive polymer microspheres for technological application and fundamental studies. 
These stimuli responsive smart and intelligent polymeric materials can respond in shape 
or volume changes to small external stimuli such as temperature, pH and ionic strength 
etc. This unique property of smart materials has been exploited in bioseparation. The 
environmental factors which affect the shape or volume changes of these materials are 
listed in Table 2-2 (Kim and Park 1998). Among these N-isopropylacrylamide (NIPAM) 
is the most widely studied thermosensitive polymer. It has a Lower Critical Solution 
Temperature (LCST) of 32oC in water (Taylor and Cerankowski 1975). It collapses and 
shrinks above the LCST and swells and expands below the LCST. Due to its’ well 
defined and reversible low critical solubility temperature poly (N-isopropylacrylamide) 
(PNIPAM) has long been investigated as a versatile tool in biology. The schematic 
diagram of the adsorption process on thermosensitive nanomagnetic particles are shown 
in Figure 2-4. 
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Table 2-2 Environmental factors which cause sharp response of smart materials 
 
Factor Applications  References 







(Dongl and Hoffman A 1986; 
Dinarvand and D'Emanuele 1995; Chun 
and Kim 1996)  
(Freitas and Cussler 1987) 
(Park and Hoffman 1993) 
(Hu et al. 1995) 
(Suzuki and Hirasa 1993) 
(Suzuki and Hirasa 1993) 
pH Drug delivery 
Bioseparation 
(Brazel and Peppas 1996) 
(Liao and Chen 2002) 
Electric field Drug delivery 
Artificial muscles 
(Kwon et al. 1991) 
(Kajiwara and Rossmurphy 1992) 
Ions  (Park and Hoffman 1993) 
Solvents  (Tanaka 1981) 
Light  (Suzuki et al. 1996) 
Pressure  (Zhong et al. 1996) 

























Figure 2-4 Schematic diagram of adsorption desorption of target molecule on 
thermosensitive nanomagnetic particles. 
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Encapsulation of biomolecules with inorganic host materials has been widely 
studies due to its potential biotechnological applications such as separation and 
purification of proteins (OBrien et al. 1996; Abudiab  and Beitle 1998), drug delivery 
(Rusetski and Ruuge 1990), control of enzyme activity, carrier for biomolecules etc 
(Kondo and Fukuda 1997; Haik  et al. 1999). Magnetic particles could be tailored by 
using functionalized natural and synthetic polymers to impart surface reactivity (Liao and 
Chen 2002). Some researchers found that PNIPAM adsorbed at the interface forms a two 
dimensional film, which leads to decrease of the surface tension so that PNIPAM could 
be used as a surface active agent (Kawaguchi et al. 1994). Moreover, the reversible 
thermosensitivity of PNIPAM may be used in biomedical and biological field. The main 
advantage of using smart polymeric materials for bioseparation is that the separation 
process can be continued without a large change in environmental factors therefore, the 
mild conditions for the biomolecules can be maintained throughout the process.  
2.4.1 Preparation of thermosensitive nanomagnetic particles 
The nanomagnetic particles are used for seed polymerization using N-
isopropylacrylamide (NIPAM) as the main monomer, N, N-methylene bis acrylamide 
(MBA) as the cross linker and potassium persulfate (KPS) as the initiator. 2-
mercaptoethanol may be used as the chain transfer reagent. MBA used in the reaction 
increases the mechanical strength of the particles. The reaction should be conducted at a 
temperature higher than the LCST of the polymer in order to promote the precipitation of 
oligomers formed in aqueous solution.  
Various applications and preparation methods of thermosensitive nanomagnetic 
particles are summarized in the following Table 2-3. 
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Table 2-3 (Contd.) 
 
Poly (N-isopropylacrylamide) 
copolymerized acrylic acid 
Copolymerization Tissue regeneration 
(Rat calvarial 
osteoblasts) 
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Steroids (Yakushiji et al. 
1999) 
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 (Gao and Wu 1997) 
Thermosensitive poly 
(vinylmethylether)gel 
Radiochemically  Triton X-100, 
tryptophan, BSA 
(Yamagiwa et al. 
1995) 
poly(N-isopropylacrylamide) 









Copolymerization Porphyrin  (Avlasevich et al. 
1997) 
2.4.1 Advantages and disadvantage of thermosensitive nanomagnetic particles 
Compared to conventional separation method such as centrifugation, filtration 
magnetic separation has many advantages. They are simple, fast, effective, specific and 
economical. By coating the magnetic particles with thermosensitive polymer it leads to 
some specific advantages such as  
• Denaturation of proteins can be reduced 
• These particles are wide surface-bearing, mobile and quick responsive 
materials. 
• The property of the particles surface such as hydrophilicity or 
hydrophobicity can be varied relatively easy. 
• These particles can be separated quickly from solutions by a relatively 
low magnetic fields and  
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• The mild conditions for biomolecules can be maintained through out 
the separation process. 
However, disadvantage of magnetic separation by using thermosensitive polymer 
coated nano-magnetic particles is that the particles are susceptible to aggregation during 
the process. 
2.5 Adsorption and Desorption  
Adsorption is one of the most important parts of separation. It has been widely 
used in the chemical, biological, analytical, and environmental fields. In most cases, the 
adsorbents have diameters in the range of sub-micron to micron and have large internal 
porosities to ensure adequate surface area for adsorption. However, the diffusion 
limitations within the particles lead to decrease in the adsorption rate and the available 
capacity, particularly for macromolecules such as proteins and DNA. The reversible 
thermosensitivity of N-isopropylacrylamide are used as adsorption and desorption tool. 
To understand adsorption more precisely the adsorption equilibrium and the parameters 
affecting adsorption should be investigated. However, desorption is also important for the 
recovery of biomolecules from the surface of the particles. Therefore, suitable adsorption 
desorption parameters should be developed. 
2.5.1 Adsorption equilibrium 
1. Langmuir Model  
The Langmuir model assumes that the adsorption process takes place on a surface 
composed of a fixed number of adsorption sites of equal energy, with one molecule 
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adsorbed per adsorption site until a monolayer coverage is obtained (Adamson 1990). 
The Langmuir model is described by the equation  




= +                                                         [2-8] 
where C is the adsorbate liquid-phase equilibrium concentration, Q is the adsorbate 
surface concentration, Qm is the maximum adsorbate binding capacity and Kd is the 
apparent dissociation constant, which represents the affinity between adsorbate and 
adsorbent. These parameters are evaluated by fitting the Langmuir model to the 
experimental data, employing the iterative fitting method of Levenberg-Marquardt. 
Some of the assumptions made in this model are not necessarily realistic because 
of the large difference between macromolecules and small molecules in the adsorption 
mechanisms at interfaces. The differences result mainly from (a) multiple-site binding for 
proteins, which often results in irreversible adsorption, (b) the heterogeneous nature of 
most solid surfaces, and (3) lateral and other interactions referred to as cooperative 
interactions (Luo and Andrade 1998). 
To establish the validity of the assumption that independent interaction sites of 
equivalent affinity are present on the adsorbent surface, several linear transformations of 
equation [2-8], including the Scatchard plot (Adamson 1990), can be employed as 
follows:  





=                                                 [2-9] 
The shapes of the plots of Q/C vs Q are particularly sensitive to whether independent, 
dependent non-identical, or cooperative interaction processes participate in the binding of 
the protein to the immobilized ligands. If the Scatchard plot is convex, negative 
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cooperativity is observed. If it is linear, independent interaction between protein and the 
ligand-binding sites exists, and if the Scatchard plot is asymptotic (or in some cases 
concave), positive cooperativity is observed. 
Adsorbent surfaces are rarely homogeneous. There are a number of classical 
isotherm models for heterogeneous surfaces with continuous energy distribution: the 
Freundlich (Adamson 1990) and Langmuir-Freundlich (Andrade 1985) models are two 
examples. 
2. Freundlich Model 
In the Freundlich model (Adamson 1990) the adsorbed mass per mass of 
adsorbent is a power law function of the solute concentration as follows: 
                                                              
nQ KC=                                                     [2-10] 
where K and n are the Freundlich equilibrium constant and the Freundlich isotherm 
power term, respectively. Unlike the Langmuir, the Freundlich equation neither become 
linear at low concentrations but remains convex nor does it show saturation or limiting 
value. Although usually applies in a strictly empirical sense, this can be of theoretical 
interest in terms of adsorption onto an energetically heterogeneous surface (Adamson 
1990). 
3. Langmuir-Freundlich Model  
The single-component Langmuir-Freundlich model is  








= +                                                 [2-11] 
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where Kd* is the apparent dissociation constant that includes contributions from ligand 
binding to monomer, monomer-dimer, and more highly associated forms of proteins; 
QmLF is the maximum binding capacity; and n is the Langmuir-Freundlich coefficient.  
The Langmuir-Freundlich model was analyzed by Sips who found that the energy 
distribution function corresponds to a symmetrical quasi-Gaussian function (Adamson 
1990; Quinones and Guiochon 1998). At low concentrations, the model reduces to the 
Freundlich model and in the case of a homogeneous surface, it reduces to the Langmuir 
model (Quinones and Guiochon 1998).  
By analogy with protein-multiple ligand interactions it has been suggested that 
equation [2-11] works well to model adsorption cooperativity (Jiang and Hearn 1996; 
Sharma and Agarwal 2001). For purely independent non-interacting sites, the value of n 
is 1. For positive cooperativity of the protein binding sites, n is greater than 1, while 
when 0 < n < 1 negative cooperativity in the binding process is indicated. The value of n 
can thus be employed as an empirical coefficient, representing the type and the extent of 
cooperativity present in the binding interaction.  
Since the Langmuir-Freundlich model has more than two adjustable parameters, it 
is not easily fitted to the experimental data by linear regression or graphical means. In 
this case, it is necessary to apply nonlinear least-squares analysis. 
2.5.2 Desorption study 
Desorption of proteins from interfaces depends essentially on the conditions under 
which they have been adsorbed. Therefore, suitable desorption agents should be selected 
to release the adsorbed protein from magnetic particles.  Desorption of protein from the 
magnetic particles could be achieved by controlling various factors such as pH (either 
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using acid or alkaline condition), temperature and ionic strength.  Some researchers noted 
that desorption of BSA from cross linked chitosan could be done by an alkaline buffer 
solution (Yoshida and Kataoka 1989). Others used alkaline condition (pH 10-13) for 
desorption of recombinant Escherichia coli from chitosan-conjugated magnetite (Honda 
et al. 1999). It was observed that desorption below lower critical solution temperature of 
the polymer (NIPAM) is mainly controlled by the incubation time during the adsorption 
step (Duracher et al. 2004). Recently, studies showed that the rate of desorption as a 
function of the adsorption layer coverage is reversible (Miller et al. 2005). Thus, 
desorption depends on various parameters.  
2.6 Evaluation of separated target 
It has been generally recognized that protein molecules which are interacting with 
solid surfaces will undergo some conformational changes. Such change may occur due to 
the intrinsic structural properties of protein. The orientation and conformational state of 
the adsorbed proteins can have significant influence on their biological reactivity of 
immobilized enzymes and antibodies, or the biological pathways for coagulation and 
complement activation are expected to be affected by surrounding adsorption (Tan and 
Martic 1990). One of the most commonly used methods to study protein conformation in 
solution or adsorbed on to colloidal substrate is circular dichroism (CD) spectroscopy 
(Greenfield and Fasman 1969). The CD spectrum provides a global measure of the 
secondary structural features present in a molecule. Another possible way to measure the 
conformational changes of desorbed protein is fluorescence spectroscopy. The activity of 
enzymes can be measured by using corresponding substrates (Tong et al. 2001; Liao and 
Chen 2002). 
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2.7 Scope of the project 
The aim of this project is to synthesis thermosensitive polymer coated 
nanomagnetic particles and their applications in bioseparation. Although nano particles 
have diverse applications in the field of bioscience and biotechnology, only limited work 
has been published on the preparation of organic inorganic nano-composite materials 
using thermosensitive polymer (PNIPAM) coated nanoparticles and their use as a tool for 
bioseparation. Based on the literature review the scopes of the present project are: 
1. Synthesis and characterization of thermosensitive nanomagnetic particles 
 Nanomagnetic particles are synthesized by chemical precipitation method using 
FeCl3 and FeCl2 with ammonia under nitrogen environment in a ratio of 2:1. These nano-
magnetic particles are then polymerized using N-isopropylacrylamide (NIPAM) as the 
main monomer, N,N methylene bis acrylamide as the cross linker and potassium per 
sulfate as initiator under inert environment. Characterization of the chemical, physical 
and magnetic properties of the thermosensitive nanomagnetic particles are carried out 
using FTIR, XPS, BET, TEM, and VSM. 
2. Application of thermosensitive nanomagnetic particles for protein separation 
Bovine serum albumin (BSA) and lysozyme (LYZ) are used as model protein for 
the adsorption and desorption from thermosensitive nanomagnetic particles. The reason 
for choosing these two proteins is the apparent difference in their size, molecular weight 
and isoelectric point. Therefore, they are good models for studying different interaction 
forces between the protein and the thermosensitive nanomagnetic particles, like 
electrostatic effect and hydrophobic effect.  Another interesting reason is BSA is known 
as soft protein therefore, it easily goes under structural alternation. In comparison to this, 
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LYZ is considered as hard protein thus, it can retain most of its native structure after 
adsorption and desorption. 
3. Synthesis and application of carboxylated thermosensitive nanomagnetic particles 
Carboxylated thermosensitive nanomagnetic particles are synthesized by 
introducing methacrylic acid in the polymer chain. Carboxyl group of methacrylic acid 
forms hydrogen bond with protein molecule. Therefore, the interaction force involved 
between protein and microsphere such as electrostatic effect, hydrophobic effect and 
hydrogen bonding could be studied in detail. BSA is used as a model protein for the 
adsorption and desorption on these carboxylated nanomagnetic particles. Thus, the results 
could be compared with the adsorption desorption on thermosensitive nanomagnetic 
particles. 
It is believed that the present work on synthesis and applications of 
thermosensitive nanomagnetic particles for bioseparation can provide some information 
on the extension of magnetic separation to broader applications. 
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Chapter 3 Materials and Methods 
3.1 Materials 
The chemicals used for the experiment are listed below in Table 3-1 and Table 3-
2. The chemicals are used as they were received without further purification. 
Table 3-1 List of chemicals 
Name Chemical Formula Grade Supplier 
Iron (II) Chloride Tetrahydrate (99%) FeCl2.4H2O GR Fisher 
Iron (III) Chloride Hexahydrate (98%) FeCl3.6H2O GR Nacalai Tesque 
Ammonium Hydroxide (25%) NH4OH GR Merck 
Thiodiglycolic acid (98%) C4H6O4S GR Aldrich 
4-Vinylaniline C8H9N GR Aldrich 
N-isopropylacrylamide C6H11NO GR Aldrich 
N,N methylene-bis- acrylamide C7H10N2O2 GR Aldrich 
Potassium Per sulfate K2S2O8 GR Aldrich 
Methacrylic acid H2C=C(CH3) CO2H GR Aldrich 
2-mercaptoethanol C2H6OS GR Sigma 
Bovine serum albumin  GR Aldrich 
Lysozyme  GR Aldrich 
Mili-Q water    
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Table 3-2 Physico chemical properties of BSA and lysozyme 
Protein Molecular 
weight (Da) 







BSA 66700 14×4×4 582 4.7 Low 
LYZ 14600 4.5×3×3 129 11.1 High 
3.2 Methods 
3.2.1 Preparation of surfactant coated magnetic nanoparticles 
  Magnetic particles were prepared by chemical co-precipitation method under inert 
environment. A complete precipitation of Fe3O4 was achieved under alkaline condition 
and the molar ratio was maintained at Fe2+: Fe3+ = 1:2. A typical synthesis to obtain 1 gm 
of Fe3O4 precipitate, 0.86 gm of FeCl2. 4H2O and 2.35 gm of FeCl3. 6H2O were dissolved 
under N2 atmosphere in 40ml of deaerated Mili-Q water with vigorous stirring at a speed 
of 1000 rpm. As the solution was heated to 80oC, 100 mg of thiodiglycolic acid (TDGA) 
was added, followed by 5 ml NH4OH. TDGA was further added to the suspension in five 
0.2gm amounts over a period of 5 minute. The experiment was continued for 30 minutes 
at 80oC. TDGA was added to the system because it is soluble in water and the solubility 
increases the interaction between the individual molecule of acid and the iron oxide 
crystal which prevents the agglomeration at the early stage of crystal growth. Moreover, 
thiol group of thiodiglycolic acid has great affinity for iron, and it makes the orientation 
at the particle / surfactant interface favorable also attach on the particles surface through 
chemisorption. The carboxyl (-COOH) group of thiodiglycolic acid forms a peptide bond 
with 4-vinylaniline. Thus, forming double surfactant covered surface functional magnetic 
nanoparticles.  In a typical procedure 1 gm of the fresh precipitate was combined with 20 
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ml mili-Q water and the mixture was heated to about 50oC under vigorous stirring. 
Around 0.2 ml of 4-vinylanile was added drop wise using a syringe. The experiment was 
carried out for thirty minutes. The stable water based suspension was then cooled at room 
temperature and washed using Mili-Q water. The precipitates were isolated from the 
solvent by magnetic decantation. The washing by decantation procedure was repeated 
five times to eliminate free electrolyte and remove the excess surfactants used for the 
coating.  
3.2.2 Preparation of Thermosensitive Magnetic Nanoparticles 
 One gram of the seed magnetic particles were purged with nitrogen for thirty 
minutes at a temperature of 70oC , then a mixture of NIPAM (0.3gm), MBA (0.02gm), 
KPS (0.005gm) was added. Polymerization was carried out for six hours with a 
continuous mechanical stirring of 150-180 rpm. Marcaptoethanol was used at the chain 
transfer reagent. The polymerization conversion was gravimetrically determined and the 
final particles were washed at least three times before adsorption. The –CH=CH2 bond of 
double surfactant coated magnetic nanoparticles polymerizes with the monomer NIPAM 
and forms PNIPAM coated nanoparticles.  The polymerization reaction was conducted 
above the LCST of the poly (NIPAM) (32oC) to promote the precipitation of oligomers in 
the aqueous phase. The binding procedure and schematic illustration of PNIPAM coated 
Fe3O4 nanoparticles are shown in details in Figure 3-1 and Figure 3-2 respectively. 


























Figure 3-1 Preparation of thermosensitive (PNIPAM) coated nanomagnetic particles 
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Figure 3-2 Schematic illustration of PNIPAM coated nanoparticles. 
3.2.3 Introduction of Carboxyl Group on Thermosensitive Nanomagnetic 
Particles  
The experiment was conducted exactly at the same conditions described in section 
3.2.2. To introduce carboxyl group in the NIPAM chain 0.18 ml MAA was added to the 
mixture. The reaction was allowed to proceed for 6 hours at 70oC under continuous 
mechanical stirring at (150-180) rpm. The particles were washed at least three times 
before adsorption experiments were carried out. 
3.2.4 Adsorption experiments 
1. Adsorption of BSA on thermosensitive nanomagnetic particles 
Adsorptions of BSA on thermosensitive (PNIPAM) polymer coated magnetic 
particles were carried out by mixing 5 ml of BSA solution of different concentrations 
(0.25, 0.5, 1, 1.5 and 2 mg/ml) and 130 mg of wet sample particles. The mixture was 
incubated above and below the lower critical solution temperatures (LCST) of PNIPAM 
(LCST 32oC) at 25, 30 and 40oC in 10smM phosphate buffer solution for about 2 hours. 
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The solid content of the wet magnetic particles was measured by freeze drying to be 
15.6% (by weight).  
The effect of temperature on protein adsorption on PNIPAM coated nanomagnetic 
particles was studied at 40oC, 30oC and 25oC at pH of 4.7 and ionic strength 0.01M. BSA 
concentration in supernatant was measured by UV spectrometer analysis (Shimadzu UV 
1601 PC) at 280nm. The effect of pH was studied at various pH range of 3.36-8.18 at 
40oC and ionic strength of 0.01M.  The influence of ionic interactions at selected 
concentrations (0.05, 0.1, 0.5, 1.0, 1.5M) of electrolyte [NaCl] on the protein adsorption 
was investigated at pH 4.66 and 8.18, temperature 40oC and different feed concentrations 
of 0.505 and 1.525 mg/ml. 
2. Adsorption of LYZ on thermosensitive nanomagnetic particles 
Adsorptions of lysozyme on thermosensitive PNIPAM coated nanomagnetic 
particles were carried out by mixing 5 ml of lysozyme solution of a certain concentration 
and 130 mg of wet sample particles. The mixture was incubated above and below the 
lower critical solution temperatures (LCST) of PNIPAM (LCST 32oC) at 25 and 40oC in 
10mM phosphate buffer solution for about 2 hours. The solid content of the wet magnetic 
particles measured by freeze drying was 15.6% (by weight).  
The effect of temperature on protein adsorption on NIPAM coated nanomagnetic 
particles was studied at 40oC and 25oC at a pH of 11 and ionic strength of 0.01M. 
Lysozyme concentration in supernatant was measured by UV spectrometer analysis 
(Shimadzu UV 1601 PC) at 280 nm. The effect of pH was studied at various pH range of 
4.7-11 at 40oC and ionic strength 0.01M.  
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3. Adsorption of BSA on MAA coated nano magnetic particles  
 
Adsorption of BSA on MAA-PNIPAM coated nanomagnetic particles were 
carried out by mixing 5 ml of BSA solution of certain concentration and 130 mg of wet 
particles. The mixture was incubated above and below the lower critical solution 
temperature (LCST) of PNIPAM (LCST 32oC) at 40oC, 30oC and 25oC in 10mM 
phosphate buffer solution for about 2 hours to reach equilibrium. BSA concentration in 
the supernatant was measured by UV spectrometer analysis (Shimadzu UV 1601 PC) at 
280 nm.  
3.2.5 Desorption experiment 
Desorption of BSA was carried out in alkaline condition using 0.5M Na2HPO4 
(pH 9.35) when adsorption was carried out in acidic medium. On the other hand, 0.05M 
NaH2PO4 (pH 4.25) was used as desorption medium when protein was adsorbed in basic 
condition. After equilibrium was achieved for adsorption, the supernatant was separated 
from the latex particles by the help of a magnet. Then the particles were washed using 
mili Q water. Magnetic particles containing BSA was then mixed with 5 ml of Na2HPO4 
solution. After 2 hours of incubation below the lower critical solution temperature 20oC 
the supernatant was collected and analyzed in UV spectrometer. Desorption was studied 
as a function of temperature and salinity in the desorption medium. 
Desorption of lysozyme was carried out in acidic condition using either 0.5M 
NaH2PO4 (pH 4) or 1.5M NaSCN (pH 6) as the desorbing agents. After equilibrium had 
been achieved for adsorption, the supernatant was separated from the magnetic particles 
by the help of a magnet. After washing with mili Q water, magnetic particles containing 
lysozyme were then mixed with either 5ml of NaH2PO4 or NaSCN solutions. After 2 
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hours of incubation below the lower critical solution temperature 20oC the supernatant 
was collected and analyzed in UV spectrometer.  
The amounts of protein adsorbed were expressed in mg of protein per gm of latex 
particles. 
3.3 Analytical methods 
The analytical methods used in this experiment are described in the following 
section: 
3.3.1 Transmission Electron Microscopy (TEM) Measurement 
A bright field TEM (JEM-2010, 200kv) was used for the size measurement and 
size distribution of the magnetic nanoparticles. To prepare the sample for TEM 
measurement, the copper film (200 mesh and covered with formvar/carbon) is coated 
with a thin layer of diluted magnetic particle suspension. The copper film is then dried at 
room temperature for 24 h before the measurement. 
3.3.2 X-ray Diffraction (XRD) 
The structural properties and crystallographic structure of Fe304 powders were 
analyzed by X-ray diffraction with shimadzu XRD-6000 diffractometer using a 
monochromatized X-ray beam from nickel-filtered Cu Kα radiation (40 KV/ 30 mA, 
wavelength λ=0.1504nm).  The XRD patterns change was plotted by intensity vs 2θ in 
the range of 20o - 70o.  The average size of the crystals was estimated using Debye-
scherrer’s formula. 
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3.3.3 Vibrating Sample Magnetometer (VSM) 
The VSM is the basic instrument for characterization of magnetic materials as a 
function of magnetic field and temperature. Wet magnetic particles were freeze-dried 
(Edwards freeze-dryer, ESM 1342) for 24 h and then used for VSM measurement 
(Model: 1600, DMS). A plastic cylinder cell containing the sample was attached on a rod 
in the applied magnetic field from -15,000 to 15,000 Oe, in which the rod was vibrating 
in a certain rate. The magnetization curve of the magnetic particles at room temperature 
was then plotted with the changes of magnetic field strength and its direction.  
3.3.4 Thermalgravimetry Analysis (TGA) 
To measure the changes in the weight loss of the sample as a function of 
temperature and time thermal analysis technique was used. The thermalgravimetry 
analysis (TGA) was performed on a thermal analysis system (Model: TA 2050). For TGA 
measurements, 10-15 mg of the dried sample was loaded into the system and the mass 
loss of dried sample was monitored under N2 at temperatures ranging from room 
temperature to 800oC at a rate of 5oC/ min.  
3.3.5 Fourier Transform Infrared (FTIR) Spectroscopy 
FTIR is an analytical technique for the identification of organic (and in some case 
for inorganic) materials. It measures the absorption of various infrared light wavelengths 
by the target sample, which can identify specific molecular components and structures. 
Absorption bands in the range of 4000-1500 wave numbers are typically due to 
functional groups (e.g. –OH, C=O, N-H, and CH3, et al.). The region between 1500-400 
wavelength numbers is considered as the fingerprint region, which is highly specific for 
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each material. A certain amount of solid sample was mixed with KBr powder and then 
transformed into pellet by press automation. The pellet was used for the FTIR 
measurements, which was performed in a Bio-Rad, Model 400 using KBr as background.  
The spectrum was recorded as a function of transmission and wavelength from 4000-400 
nm. 
3.3.6 Brunauer-Emmett-Teller (BET) Method  
The specific surface area was measured by BET analyzer (Model: Nova 3000). 
Surface cleaning (degassing) of the dried solid magnetic particles were carried out by 
placing the sample in a glass cell and heating under vacuum before the measurements. 
Once clean, small amounts of gas molecules were admitted in steps into the sample 
chamber and then stick to the surface of solid particles, which was carrying out in an 
external bath maintained by liquid nitrogen. As the equilibrium adsorbate pressures 
approach saturation, the surfaces of magnetic particles become completely occupied by 
adsorbate. Knowing the density of the adsorbate, it is easy to calculate the specific area of 
the magnetic particles. 
3.3.7 Zeta Potential Analyzer 
The zeta potential is an indicator of the magnitude of the repulsion or attraction 
between particles. Its measurement brings the detailed insight into the dispersion 
mechanism and provides the key information on the electrostatic dispersion due to 
surface charges. The zeta potentials of Fe3O4 magnetic particles at different pHs were 
measured using Brookhaven Zeta Plus 90 analyzer. Samples were prepared by diluting 20 
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mg wet magnetic particles in 10-3 M NaNO3 solution at different pH adjusted with diluted 
HNO3 or NaOH solution. 
3.3.8 Dynamic Light Scattering 
Dynamic light scattering is a powerful technique that can be used to determine the 
size distribution profile of small particles in a solution. It is a well established technique 
for measuring particle size over the size range from a few nanometers to a few microns. 
The hydrodynamic size of Fe3O4 magnetic particles at different temperatures were 
measured using Laser light scattering system Model BI 200SM and 90 plus particle size 
analyzer Brookhaven Instrument. Samples were prepared by diluting 2 mg wet magnetic 
particles in 100 ml deionized water. 
3.3.9 X-ray Photoelectron Spectroscopy (XPS) 
XPS is well established technique for surface analysis of particles, in which 
surfaces are irradiated with soft X-ray and the emitted photoelectrons energy are 
analyzed. The difference between X-ray energy and the photoelectron energies give the 
binding energies (BEs) of the core level electrons, an atomic characteristic. XPS 
measurements were made on a VG ESCALAB MkII spectrometer with a Mg Kα X-ray 
source (1253.6 eV photons) at a constant retard ratio of 40. The samples were mounted 
on the standard sample studs by means of double-sided adhesive tapes. The core-level 
signals were obtained at a photoelectron take-off angle of 75° (with respect to the sample 
surface). The X-ray source was run at a reduced power of 120 W. The pressure in the 
analysis chamber was maintained at 7.5×10-9 Torr or lower during each measurement. All 
binding energies (BEs) were referenced to the C1s neutral carbon peak at 284.6 eV. 
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3.3.10 Circular Dichroism (CD) 
Circular dichroism (CD) is the difference in absorption between left and right 
handed circularly polarized light. Proteins contain elements of asymmetry and thus 
exhibit distinct circular dichroism signals. CD spectroscopy was used to measure the 
conformational change of the desorbed protein with respect to the native one. Solutions 
of the native protein and the desorbed protein were diluted in the range 0.05-0.10 mg/ml 
with the corresponding solution and scanned over the wavelength range 200-260 nm by 
Jacob J810 spectropolarimeter, using 5 mm quartz cylindrical cell. The secondary 
structures of native protein and desorbed protein from magnetic particles by different 
desorption agents were evaluated by comparing the α-helix content, corresponding to the 
ellipticity of the bands at 208 nm. 
3.3.11 Fluorescence 
Fluorescence is the phenomenon in which absorption of light of a given 
wavelength by a fluorescent molecule is followed by the emission of light at longer 
wavelengths. The distribution of wavelength-dependent intensity that causes fluorescence 
is known as the excitation spectrum, and the distribution of wavelength-dependent 
intensity of emitted energy is known as emission spectrum. The fluorescence 
measurements of the native protein and the desorbed protein by different desorption agent 
were carried out with fluorescence spectrometer (Quantamaster, GL-3300 & GL-302 
laser systems). Tryptophan (Trp) is one of the three naturally occurring aromatic amino 
acid residues that fluoresce when excited with UV light. When Trp residue is located in a 
hydrophobic environment, the fluorescence is blue shifted relative to the emission when 
it is located in a hydrophilic environment. When protein changes its conformation, the 
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exposure of Trp residues to the solvent may change and thereby affect fluorescence. That 
is why Trp fluorescence can be used fro monitoring conformational changes of proteins. 
The excitation wavelength was set at 295 nm and the emission was scanned from 315 to 
390 nm for all samples. The scan rate was 0.25 nm/min-1 with a 10 nm bandpass for both 
excitation and emission. 
3.3.12 Lysozyme Activity Measurement 
Lysozyme is an enzyme that attacks bacterial cell walls. It degrades the cell wall 
by cleaving the sugar backbone of the peptidoglycan component. Specifically, lysozyme 
adds water to hydrolyze the glycosidic bond between N-acetylmuramic acid (NAM) and 
N-acetylglucosamine (NAG). Lysozyme is a common constituent of biological tissues 
and secretions; it has been found in egg whites, tears, sweat, the digestive tract of 
ruminants and the hemolymph of Lepidoptera. 
Bacterial cell walls are of two types: Gram-negative and Gram-positive. Gram-
positive bacteria have a cell wall composed of a thick layer of peptidoglycan overlaid by 
a thinner layer of techoic acid. In contrast, Gram-negative bacteria have a thinner layer of 
peptidoglycan which is enclosed in a second lipid bilayer. (The 'Gram' designation comes 
from whether or not the specific bacterium is stained by a reaction series developed by a 
Danish physician, Hans Christian Gram). Lysozyme is most effective against Gram-
positive bacteria since the peptidoglycan layer is relatively accessible to the enzyme; 
lysozyme is effective against Gram-negative bacteria only after the outer membrane has 
been compromised. 
Due to the fact that lysozyme is effective to digest Gram-positive cell wall, 
Micrococcus lysodeikticus was used as the target cell in the enzymatic activity assay by 
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measuring the turbidity of the suspension at 450 nm in a Shimadzu UV-1601 
spectrophotometer. A suspension of 0.1 mg/ml M. lysodeikticus was prepared in 0.01 M 
phosphate buffer (pH 6.15). To 2.95 ml M. lysodeikticus suspension, 0.05 ml diluted 
lysozyme solution (about 0.01 mg/ml) was added and mixed immediately. One unit 
activity is referred to a decrease in turbidity of 0.001 per minute at 450 nm. 
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Chapter 4 Characterization of Nanomagnetic Particles 
 
4.1 Introduction 
Ferro-fluids are stable colloidal suspensions of single domain ferromagnetic 
particles in a liquid carrier. The particles in ferro-fluids are coated with layers of 
surfactants to enable stabilization against gravitational force and to avoid strong 
interaction and agglomeration of the particles. However, one cannot neglect the 
interaction mainly arise from the dipole-dipole interaction between the particles. The 
effect of these interactions have been studied extensively for the past few years 
(Popplewell and Sakhnini 1995). These nano-crystalline magnetic particles have attracted 
an increasing interest in the field of nano-science and nanotechnology because of their 
unique and novel physicochemical properties that can be attained according to their 
particle size and shape morphology (Kaiser  and Miskolczy 1970; Ozin 1992; Kang et al. 
1996; Pileni 2001). In addition, considerable efforts have been given to the modification 
of the surfaces of such magnetic particles with polymeric substances to receive organic-
inorganic nano-composites. These nano-composites have made accessible an immense 
area of new functional materials (Caruso 2001; Chen and Li 2002).  
 Encapsulation of biomolecules with inorganic host materials have been widely 
studies due to its potential biotechnological applications. Magnetic particles could be 
tailored by using functionalized natural and synthetic polymers to impart surface 
reactivity (Liao and Chen 2002). PNIPAM adsorbed at the interface could form a two 
dimensional film, which lead to decrease of the surface tension so that PNIPAM could be 
used as a surface active agent (Kawaguchi et al. 1994). Moreover, the reversible 
                                                                                         Chapter: 4  
 46
thermosensitivity of PNIPAM can be used in biomedical and biological field. A new 
method for preparation and characterization of N-isopropylacrylamide grafted magnetic 
particles showed that these particles have good thermosensitivity (Chang and Su 2002). 
Some researchers worked on the preparation and characterization of novel magnetic 
nano-adsorbents using Fe3O4 as cores and polyacrylic acid (PAA) as ionic exchange 
groups and chitosan bound Fe3O4  nanoparticles (Liao and Chen 2002; Chang and Chen 
2005). However, no work so far has been published on the preparation of organic 
inorganic nano-composite materials using double surfactant and thermosensitive polymer 
PNIPAM coated inorganic materials and their use as a tool for bioseparation. 
In this work, organic inorganic nano-adsorbents were prepared using surface 
modified Fe3O4 as the core and N-isopropylacrylamide as the polymer shell.  The Fe3O4 
nanoparticles were modified using thiodiglycolic acid as the primary surfactant and 4-
Vinylaniline as the secondary surfactant.  These double surfactant coated magnetic 
particles were then used for seed polymerization using N-isopropylacrylamide as the 
main monomer, N, N- methylene bis acrylamide as the crosslinker and potassium 
persulfate as the initiator and surface modified nanomagnetic particles were used as seed. 
These particles are single domain magnetic dipole which show no preferred directional 
ordering in the absence of an applied magnetic field, since the thermal forces dominates 
the dispersion of these particles. When sufficiently high magnetic field gradient is applied 
the particles showed a preferential ordering in the direction of this field. The size, 
structure, and magnetic properties of the resultant magnetic nanoparticles were 
characterized by TEM, XRD, and VSM. The binding of NIPAM to the double surfactant 
coated magnetic nanoparticles was confirmed by FTIR, TGA and XPS. 
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4.2 Results and Discussion 
4.2.1 Characterization of PNIPAM Coated Nanomagnetic Particles 
Typical TEM micrographs for the magnetic particles with and without PNIPAM 
coating are shown in Figure 4-1. The morphology of the both uncoated and PNIPAM 
coated particles are fairly spherical.  






































Figure 4-1 Transmission electron micrograph and size distribution of magnetic 
nanoparticles without PNIPAM (A) and with PNIPAM (B) coating. 
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From Figure 4-1 (A), it is clear that the uncoated Fe3O4 particles are in nano size range 
and monodispersed with an effective mean diameter of 9.3 nm which is comparable to 
the reported value of 8.5 nm (Kang et al. 1996) . After binding with the polymer, a thin 
layer of PNIPAM is formed on the surface of the particles. This is because during 
polymerization process the minimization of surface free energy drives the polymer to 
precipitate on the surface to form a layer. The mean diameter of the discrete particles is 
about 12 nm (Figure 4-1 (B)). The particle size increased due to the polymer coating on 
the surface of the particles. However, it is not easy to directly observe the polymer 
coating layer on the magnetite surface from TEM micrographs because polymer layer is 
transparent for TEM observation. 
The polydispersity of the particle was measured by the following log-normal 
distribution law (Popplewell and Sakhnini 1995)  
                                        
2 2exp[-(ln - ln ) /(2* ) ](ln ) (ln ) ln
* (2 )
x xf x d x d xσσ π=                        [4-1] 
Where, ln x  is the mean of the distribution ln x and σ is the standard deviation of ln x. xm 
is the median of x and ln x  = ln (xm).  
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x
σ
σ π=                                    [4-2] 
A fit of the log normal distributions is shown in Figures 4-1 (A) and (B). A fit to 
our data gave an average size of about 12 nm and σ = 0.167 for PNIPAM coated 
nanomagnetic particles. The formation of the small aggregates of the magnetite particles 
results from the magnetic dipolar interaction among the magnetite nanoparticles. 
However, by coating the particles reduces the dipolar interaction and thereby promote the 
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stability of the magnetic nanoparticles (Donselaar and Philipse 1999). The specific 
surface area of the PNIPAM coated nanomagnetic particles is about 85 m2/g using BET. 
The temperature induced dimensional change of the core shell magnetic PNIPAM 
nanoparticles and bared nanomagnetic particles was investigated by dynamic light 
scattering. This method can not measure the actual size of the particles but it is 
particularly good at sensing the presence of small amount of aggregated particles and also 





















Figure 4-2 Effect of temperature on hydrodynamic size 
Figure 4-2 shows that as the temperature increased from 22 to 40oC the 
hydrodynamic size of the PNIPAM coated nanoparticles shrinks above the LCST and 
decreased in diameter from around 260 to 230 nm, exhibiting about 11.54% shrinkage. 
The particle reflects volume phase shrinkage close to the LCST (~32oC) of pure poly 
(NIPAM) in a salt free medium. Such a shift of the volume phase transition temperature 
was also found by Nabzar et al. (1998) and Ding et al. (2000) when thermosensitive 
particles based on a polystyrene core and a PNIPAM shell were studied. A similar result 
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had already been observed by  Deng et al. (2003) for silica coated thermosensitive 
magnetic particles. It is suggested that the effect of temperature on particle size may be 
more marked when the shell thickness is larger, corresponding to a high poly (NIPAM) 
concentration on the surface of the polystyrene core Duracher et al. (2004). They have 
reported that particle size obtained by TEM is 303 nm while the hydrodynamic size 
increased to 551nm at 20oC. Similarly, we can observe that the hydrodynamic size 
(Figure 4-2) of the particles differ significantly from the size measured by TEM (Figure 
4-1). One possible reason might be due to the aggregation of the PNIPAM coated 
magnetic nanoparticles which results from the magnetic dipolar interaction. As the size of 
the PNIPAM coated particles is about ~ 12 nm its tendency to agglomerate is high 
compared to other bigger sized particles. It is also known that the particle sizes are not 
certainly spherical therefore; their apparent hydrodynamic size depends on the particles’ 
shape and molecular weight. Further, the particles’ diffusion is also affected by water 
molecules bound or entrapped by them. The main reason is the particle size deduces from 
the TEM measurements in a dried state cannot be compared with the value of dynamic 
light scattering measurements because of the presence of a hydrogel layer, which is 
collapsed in the dried state. This reversible thermosensitivity of PNIPAM coated 
nanoparticles would be considered to be used in biomedical or biological field for 
separation and purification of proteins. On the other hand, from Figure 4-2 it is observed 
that there is no significant change in diameter for bared nanomagnetic particles with 
temperature. 
The TGA results for PNIPAM coated magnetic particles are shown in Figure 4-3. 
A distinct two step degradation process is obtained for polymer coated nanomagnetic 
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particles. The weight loss over the temperature range from 100-250oC might be due to the 
loss of residual water in the sample. The first major weight loss within the range of (280 
– 450)oC corresponds to the decomposition of the NIPAM polymer component. The 
second major weight loss begins at about 475 oC, corresponding to the decomposition of 
poly (4-vinylanniline), which might form due to the polymerization process.  No 
significant weight loss was observed from 650 to 800 oC, implying the presence of only 
iron oxide within the temperature range. This indicates that they have a strong magnetic 
sensitivity under an outer magnetic field and can be easily separated from the water 
phase. Therefore, the magnetization properties of the magnetic polymer spheres have 
great use in magnetic separation applications. The amount of PNIPAM bound on the 
surface of the nanoparticles is estimated from the percentage of weight loss from the 
TGA curve. Figure 4-3 shows that the percentage of mass loss of PNIPAM from the 
nanoparticle surface is about 9 %. Therefore, we can say the amount of PNIPAM bound 
to Fe3O4 nanoparticles is about 0.09. Similarly, some researchers calculated the 












Figure 4-3 Heating curves of PNIPAM coated nano-magnetic particles. 
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To verify the design of the surface and to evaluate the structure of the 
nanoparticles we have studied Fourier transform infrared spectroscopy (FTIR). The 
polymerization of NIPAM with the 4-vinylaniline was confirmed by infrared (IR) 
spectroscopy. The results are shown in Figure 4-4. The characteristics absorption band of 
Fe-O bonds in the tetrahedral sites is 582 cm-1 (Nyquist and Kagel 1971).  In comparison 
to this value, the IR spectrum of the sample has been shifted to higher wavelength of 
602.4 cm-1, which is possibly attributed to the ultrafine magnetic particles. The secondary 
surfactant (4-vinylaniline) coated magnetic particles show the characteristic band for the 
CO-NH bond in the range of 1613-1743cm-1. After polymerization the seed magnetic 
particles with the polymer NIPAM show two bonds at 1643.3 and 1552.6 cm-1. These 
bonds are due to the amide I (C=O/C-N) and amide II (N-H bend/C-H stretch) groups of 
PNIPAM respectively. The peak at 1450.1 cm-1 is related to –CH3 and -CH2 group 
confirming the binding of PNIPAM. Moreover, the observed C-H stretching band (2940 
and 2880) cm-1 in the coated magnetic nanoparticles confirmed the presence of PNIPAM 
on the surface of the nanomagnetic particles. These observations provide evidence for the 
surface modification and polymerization on the surface of the magnetic particles.  

















Figure 4-4 FTIR spectrum of PNIPAM coated nano-magnetic nanoparticles 
The surface composition of the PNIPAM coated particles were studied by XPS. 
Figure 4-5 presents the XPS wide spectra and spectra for C1s of magnetic particles and 
PNIPAM coated magnetic nanoparticles. The wide scan spectrum shows the Fe2p peak 
of magnetic particles at about 709 eV. After binding with PNIPAM, spectrum A shows 
both N1s peak at about 401.2 eV which features from –NH- bond and Fe2p peak at 709 
eV. In addition, from the spectrum of C1s for PNIPAM coated magnetic nanoparticles 
the binding energy at 286.8 eV is assigned to the HNC=O species of the PNIPAM chain. 
The component at binding energy 284.8 eV is attributed to the hydrocarbon back bone of 
PNIPAM chain. Therefore, XPS analysis of the particles confirmed the successful 
binding of PNIPAM.   























Figure 4-5 XPS wide scan spectra with (A) and without (B) PNIPAM coating and spectra 
of C1s for PNIPAM coated magnetic nanoparticles. 
The plot of magnetization verses magnetic field (M-H loop) at 25oC for typical 
magnetic nanoparticles, and thermosensitive polymer coated magnetic nanoparticles is 
illustrated in Figure 4-6.  The Figure shows almost zero coercivity (Chantrell  et al. 1978) 
and remanence which reveals the superparamagnetic properties of the nanoparticles.  


























Figure 4-6 Magnetization curve obtained by VSM at room temperature 
The saturation magnetization (Ms), the remanent magnetization (Mr) per gram of 
samples, and the coercivities (Hc) are listed in Table 4-1. The saturation magnetization of 
magnetite reduced to 76 emu/g of the bulk Fe3O4 ( 92 emu/g of magnetite) (Zaitsev et al. 
1999). It is known that the energy of a magnetic particle in an external field is 
proportional to its size via the number of magnetic molecules in a single magnetic 
domain. When this energy becomes comparable to the thermal energy, thermal 
fluctuations will significantly reduce the total magnetic  moments at a given field (Shafi 
et al. 1998). This phenomenon is more significant for the nanoparticles due to their large 
surface to volume ratio. Therefore, the smaller saturation magnetization value for the 
nanoparticles compared to the bulk materials is reasonable. The saturation magnetization 
of PNIPAM bound magnetic nanoparticles is 52 emu/g of particles which is lower than 
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the bared magnetic nanoparticles. This might result from the binding of PNIPAM on the 
particle surface, which might quench the magnetic moment (Vanleeuwen et al. 1994). In 
addition, the magnetic molecules on the surface lack complete coordination and thus 
increase the surface spin disorientation (Morup 1994; Chen and Wu 2000). Another 
obvious reason for the lower saturation magnetization of thermosensitive polymer coated 
nanomagnetic particles is that the absolute weight of Fe3O4 in these modified particles is 
lower because of surface coating. This disordered structure in the amorphous materials 
and at the interface might have caused a decrease in the effective magnetic moment 
(Hwang et al. 1997). 
Table 4-1  Magnetic properties of magnetic nanoparticles 







Magnetite 75.7 0.178 0.0023 1.01 
Thermosensitive 
polymer coated 51.6 0.437 0.0084 5 
 
The X-ray powder diffraction of the bared and polymer coated magnetic 
nanoparticles are shown in Figure 4-7. It indicates that Fe3O4 is the dominant phase in 
both the samples but it is obvious that the entire peak is broadened. Five characteristics 
peaks for Fe3O4 marked by their indices (220), (311), (400), (511), and (440) can be 
observed for both samples and it reveals that the resultant particles are pure Fe3O4 with a 
spinel structure. Also the binding process did not cause any phase change of Fe3O4. The 
crystallization of Fe3O4 nanoparticles at the most intense peak, corresponding to the 311 
reflection in Fe3O4 is related with the mean size of the crystals according to the Debye-
Scherrer formula (Yu et al. 2000) Dhkl = 0.9λ/(βcosθ) , where β expresses the half width 
                                                                                         Chapter: 4  
 57
of XRD diffraction lines, λ = 0.154nm, and θ is the half diffraction angle of 2θ.  The 
crystal size obtained by using the same formula for bared magnetic particles is about 7.77 
nm. Therefore, the mean diameter calculated by Debye-Scherrer formula is consistent 
with the result of TEM. 
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Figure 4-7 XRD patterns of magnetic nanoparticles (A) without and (B) with PNIPAM 
4.3 Conclusions 
Thermosensitive polymer coated nanoparticles were prepared by precipitation 
polymerization using N-isopropylacrylamide as the main monomer, N-N methylene bis 
acrylamide as crosslinker to give mechanical strength to the particles and potassium 
persulfate as the initiator. The particles were characterized using Transmission Electron 
Microscopy (TEM), X-ray Diffractometer (XRD) and Vibrating Sample Magnetometer 
(VSM). The results show that the particles are of nano size with a mean diameter of 12 
nm and shows superparamagnetic properties. Thermal gravimetry Analysis (TGA), 
Fourier Transform Spectroscopy (FTIR) and XPS suggests the attachment of PNIPAM 
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on the nano-surface. These thermosensitive nanoparticles were used as a bioseparation 
tool for the separation of Bovine serum albumin (BSA) and lysozyme (LYZ).  
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Chapter 5 Adsorption/desorption of Bovine Serum Albumin 
(BSA) by Thermosensitive Nanomagnetic Particles 
 
5.1 Introduction 
In Chapter 4, the preparation and characterization of poly (N-
isopropylacrylamide) (PNIPAM) coated nanomagnetic particles have been presented in 
details. With respect to practical applications and implications, the adsorption of the 
globular proteins is most relevant. Examples can be found in biochemical engineering, 
biosensors, immunological test systems, immobilized enzyme bioreactors, various forms 
of chromatography and many others. This part of the present work studied the 
equilibrium of globular protein BSA adsorption on PNIPAM coated nano sized magnetic 
particles. PNIPAM has a lower critical solution temperature (LCST) of 32oC in water 
which is close to room temperature. It changes from hydrophilic below the LCST to 
hydrophobic above it, due to the reversible formation and cleavage of hydrogen bond 
between the amide groups and the surrounding water molecules (Ding et al. 1998). This 
reversible thermosensitivity have been used in biomedical or biological field. These smart 
polymeric lattices might be used as adsorbents for protein separation because they have 
large surface area and their surface properties such as hydrophobicity and hydrophilicity 
can be varied quite easily. Some researchers studied adsorption and desorption of protein 
on submicron sized thermosensitive polymer coated magnetic particles (Ding et al. 2000; 
Elaissari and Bourrel 2001). Suitable desorption conditions selected to release the 
adsorbed protein from magnetic nanoparticles were; acidic condition (Safarik and 
Safarikova 1993), alkaline condition (Tong and Sun 2001), ionic strength (salt solution) 
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(Tong et al. 2001; Liao and Chen 2002; Peng et al. 2004), and temperature (Ding et al. 
2000; Elaissari and Bourrel 2001). 
Although some work has been published on the adsorption and desorption of 
protein on submicron sized thermosensitive polymer coated particles but only limited 
work has been published on adsorption and desorption of proteins on nano-sized surface 
modified magnetic particles. In the present work magnetic nanoparticles were used as a 
support for adsorbing Bovine Serum Albumin (BSA) at different conditions of 
temperature, pH and ionic strength. Desorption of BSA was also studied as a function of 
temperature and ionic strength. Evaluation of conformational changes of BSA in 
adsorption desorption processes was also carried out. 
5.2 Results and Discussion 
5.2.1 Adsorption of BSA 
Thermosensitive polymer coated nanomagnetic particles were used for adsorption 
of BSA at different temperatures, pHs and ionic concentrations. It is known that the 
hydrophobic interaction has a major role in protein adsorption phenomena (Ding et al. 
2000; Duracher et al. 2004). The thermosensitive polymer PNIPAM offers hydrophobic 
surface above the lower critical solution temperature (LCST) of 32oC. When the 
temperature increases above the lower critical solution temperature the surface becomes 
hydrophobic therefore, the particles shrinks and become susceptible to adsorb larger 
amount of protein, which are desorbed at lower temperature below lower critical solution 
temperature (LCST). The schematic diagram of protein adsorption and desorption are 
illustrated in Figure 5-1. 










Figure 5-1 Adsorption and desorption scheme of protein on thermosensitive polymer 
coated magnetic particles. 
5.2.1.1 Effect of thermosensitive surface properties on protein adsorption 
The effect of temperature on adsorption of BSA on thermosensitive polymer 
(PNIPAM) coated nanomagnetic particles is shown in Figure 5-2 (A) at pH 4.66 and 
ionic strength 0.01M. It can be observed that the larger amount of protein was adsorbed 
at higher temperature. This adsorption behavior is principally observed because of the 
presence of PNIPAM at the outer shell of the particles’ surface. The affinity for protein 
adsorption tends to increase, because the particle surface changes from hydrophilic to 
hydrophobic as the temperature increases above the lower critical solution temperature 
(32oC) of the polymer which results larger amount of BSA adsorption (Ding et al. 2000). 
In the literature number of researchers have proposed that hydrophobic amino acid 
residues are located in the interior of the protein with hydrophilic charged group present 
at the outside (Suzawa and Murakami 1980; Shirahama et al. 1989). Therefore, protein 
adsorption is greater on a hydrophobic surface than on a hydrophilic surface. In contrast 
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to this, adsorption of BSA on bared nanomagnetic particles in Figure 5-2 (B) shows no 
significant effect on the amount of adsorbed BSA at the two other different temperatures 
(40oC and 25oC). It is proposed that either [OH-] (Mehta et al. 1997) or [NH2] (Chen and 
Liao 2002) group on the surface of the nanomagnetic particles is responsible for protein 
adsorption on bared nanomagnetic particles. Thus experimental results indicate that 
temperature dependent adsorption of BSA on thermosensitive magnetic particles is 
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Figure 5-2 BSA adsorption equilibrium isotherms (A) on PNIPAM coated and (B) Bared 
magnetic nanoparticles at different temperature (pH 4.66 and ionic strength 0.01M). 
(A) 
(B) 
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5.2.1.2 Effects of pH 
The electrostatic interaction mechanism may be explained by the results of zeta 
potential. The zeta potentials (or electrophoretic mobility) of the bared microspheres and 
PNIPAM covered microspheres (determined for an ionic strength of 0.001M NaNO3 
using a Brookhaven Zeta plus 90 analyzer) are shown in Figure 5-3. The equilibrium 
electric potential at the shear plane is called the zeta potential. The isoelectric point refers 
to the pH value at which zeta potential is zero. The surface charge potential of iron oxides 
in water with various pH values could be explained by surface hydroxyl group (Fe-OH). 
In a basic environment, the surface shows negative charge potential due to the 
dissociation of Fe-OH followed by the formation of Fe-O-. Meanwhile, the positive 
surface charge is expected due to the formation of Fe-OH2+ in an acidic environment. The 
measured isoelectric point of uncoated magnetic particles was at ~ pH 6.74. This value 
agrees well with the literature value pI =6.5 for bared magnetic particles.  As the 
thermosensitive PNIPAM covers the surface of the particles and buried the ionic group 
inside, the isoelectric point of polymer coated nanomagnetic particles decreases and reach 
a relative stable value of about 6.2.  Since amidino groups and carboxylic acid groups 
present in the polymer chain are weakly basic groups and weakly acidic groups, 
respectively, their degree of ionization should rely on the pH value of the media. The 
surface charge density of the microgels with amidino groups or carboxylic acid groups on 
their surfaces depends on the pH value of the media. Because the surface charge density 
of colloidal particles is proportional to their zeta potential (Bao and Zha 2006).   Based 
on the literature value and the result obtained from Figure 5-3 it can be concluded that 
magnetic particles coated with thermosensitive polymer have positive charges below 
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isoelectric point 6.2 and negative charges above it. The values of zeta potential of 
polymer coated magnetic particles are 35 mV at pH 3.5 and -50 mV at pH 11 




















Figure 5-3 Zeta potentials of magnetic nanoparticles in10-3 M NaNO3 at different pH. 
 
The adsorption of BSA at different pH is shown in Figures 5-4 and 5-5. The 
amount of BSA adsorbed decreased dramatically as the pH increased (pH 4.66-pH 8.18). 
The observed adsorption behavior shows that adsorption of protein on thermosensitive 
polymer coated nanomagnetic particles are not only governed by hydrophobic interaction 
but also by electrostatic interactions. Moreover, the results show that among different pH 
the maximum amount of BSA is adsorbed near the isoelectric point of BSA (pI=4.7) 
(Chun and Stroeve 2002; Lee et al. 2002). 
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Figure 5-4 Adsorption equilibrium of BSA at different pH (40oC and ionic strength 
0.01M) 
The pH dependence of BSA adsorption may be explained solely by the 
electrostatic interaction force between BSA and magnetic nanoparticles. At higher pH 
8.18 both BSA and nanomagnetic particles are negatively charged and there is an 
electrostatic repulsive force between them which resists the adsorption of protein. In the 
same way, electrostatic repulsion between microspheres (negative charge) and BSA 
(positive charge) molecule at pH 7 is observed (Yoon et al. 1998).  At pH 5.23, BSA is 
negatively charged and nanomagnetic particles are positively charged, therefore, there is 
an electrostatic attraction between BSA molecule and nanomagnetic particles. This 
attractive force can promote the adsorption of BSA on the surface of the nanomagnetic 
particles. However, the results show less amount of BSA was adsorbed on the 
nanoparticles’ surface. This is probably due to the expansion of BSA molecule in acidic 
pH which causes the reduction in adsorption. Thus, it seems conformational alteration of 
BSA molecule has some effect on adsorption. Figure 5-5 shows that maximum amount of 
protein was adsorbed at pH 4.66 which is near the isoelectric point of BSA pI= 4.7. This 
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is because the conformational alteration of the protein molecule is not affected at the 
isoelectric point and the structure of BSA remains in its compact state (Vermonden et al. 
2001).  Moreover; the net charge between the molecule and nanomagnetic particles is 
zero at the isoelectric point of the protein which promotes adsorption. Some researchers 
found that at isoelectric point pI 4.7 BSA undergoes the minimum conformational 
changes and therefore the adsorption of BSA on glass powder with PVA reached the 
maximum (Bajpai and Shrivastava 2001). It was also suggested that at the isoelectric 
point of protein, electrostatic repulsion between the protein and the membrane surface 
was minimized and subsequently resulted in a larger flux than that at other pH values 
(Chun and Stroeve 2002). Recently, results were reported on BSA separation using bared 
magnetic nanoparticles (Peng et al. 2004). He observed that increase of pH from 4.64 to 
9.07 caused the amount of adsorbed BSA decrease significantly due to surface charge of 
magnetic particles and BSA, and showed that maximum adsorption occurred at 
isoelectric point of BSA. Therefore, the influence of pH on the isotherms shows 
decreasing affinity with increasing electrostatic repulsion between protein adsorbent and 
a maximum plateau value at the isoelectric point of protein (Norde and Lyklema 1978; 
Koutsoukos et al. 1982; Elgersma et al. 1990). It was also confirmed that thermosensitive 
core-shell magnetic latex with magnetic polystyrene as core adsorbs the maximum 
amount of human serum albumin (HSA) (Elaissari and Bourrel 2001). Thus, these results 
imply that electrostatic repulsion is another dominant factor like temperature for 
adsorption on thermosensitive polymer coated nanomagnetic particles.  






















Figure 5-5 Effect of pH on adsorption of BSA at 40oC and initial concentration 
2.03mg/ml. 
5.2.1.3 Effect of ionic strength 
The effect of ionic strength on BSA adsorption was investigated at two different 
feed concentrations (0.505 mg/ml and 1.525 mg/ml at pH 4.66) and different pH 
(pH=4.66, pH=8.18 at feed concentration 1.525mg/ml). Both experiments were carried 
out at 40oC. Results are shown in Figures 5-6 and 5-7 respectively. Results from Figure 
5-6 show that adsorption decreases with increasing ionic strength. Firstly, the 
electrostatic attraction between BSA and the latex particles decreases with increasing 
ionic strength therefore, reduce protein adsorption. Secondly, the increase in the salt 
concentration of the medium led to a decrease in the solvency of the poly (NIPAM) 
chains (resulting from Flory’s parameter, χ). Consequently, the increase in the salinity of 
the dispersion induces a decrease in the corresponding LCST of the poly (NIPAM) 
(Inomata et al. 1995) shell, resulting in a decrease in the hydrodynamic thickness of the 
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shell. Accordingly, the accessible surface for protein adsorption is reduced, and less 























Figure 5-6 Effects of electrolyte concentration [NaCl] on BSA adsorption at pH 4.66 and 
temperature 40oC for two feed concentrations (0.505 and 1.525 mg/ml). 
In order to investigate the effect of ionic strength on the electrostatic adsorption, 
the effect of ionic strength was studied at both acidic and basic pH conditions. In both 
acidic and basic pH the amount of BSA adsorbed decreased with increasing ionic 
strength. Figure a 5-7 show that at higher ionic strengths the amount adsorbed for pH 
4.66 and pH 8.18 is about the same. The reason behind this may be at basic pH 8.18 and 
at high temperature (40oC); the increase in salinity reduces the electrostatic repulsion 
between the protein molecule and the latex particles and vice versa.  



























Figure 5-7 Effect of salt [NaCl] concentration at different pH for feed concentration 
1.525 mg/ml and temperature 40oC. 
5.2.1.4 Adsorption equilibrium of BSA 
The adsorption isotherms of BSA onto PNIPAM coated magnetic nanoparticles 
are shown in Figure 5-2 (A) and Figure 5-4. Although the shapes of the isotherms are of 
Langmuir type, however, the isotherms did not show any initial rapid increase, and these 
Langmuir isotherms failed to fit the experimental data. It is found that the experimental 
data was better fitted by Langmuir-Freundlich. The Langmuir-Freundlich equation is 
expressed as:  









Q Q= +                                                      [5-1] 
where, Cb (mg/ml) and Q (mg/ g solid of particles inclusive of polymer layer) are BSA 
concentration in the aqueous solution and the absorbed BSA on the solid at equilibrium, 
respectively. Qm is the maximum adsorption amount, K is the adsorption constant and n is 
the exponential factor. The values of n were relatively constant between 0.4 and 0.5, and 
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hence n could be fixed to its average value of 0.45. Experimental data are fitted to the 
Langmuir-Freundlich equation using non-linear regression. The fitted parameters of the 
model for thermosensitive polymer coated nanomagnetic particles and bared 
nanomagnetic particles are summarized in Table 5-1.  High R2 values indicate that the 
model describes well the adsorption behavior. From Table 5-1 it is observed that the 
maximum amount of BSA adsorbed on PNIPAM coated nanomagnetic particles is (40oC 
and pH 4.66) 279.97 mg/g solid which is much higher compared to the adsorbed BSA (40 
oC and pH 6.1) on positively charged core-shell latex particles with a polystyrene core 
and a rich poly (NIPAM) shell (30mg/g solid) (Duracher et al. 2004). The difference 
between the two latexes can principally be attributed to the surface nature that is the 
crosslinking density of the poly (NIPAM) shell, charge distribution, thickness layer 
hydrophilicity, etc. On the other hand, it was reported that adsorption of BSA on nano-
sized magnetic particles in the presence of carbodiimide is about 418.9 mg/g solid (Peng 
et al. 2004). As a catalyst, carbodiimide activates a carboxyl group in one molecule and a 
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Table 5-1 Langmuir-Freundlich parameters for BSA adsorption on thermosensitive and 
bared nanomagnetic particles at different pH and temperature. 
 
 PNIPAM coated nanomagnetic particles Bared nanomagnetic 
particles 
Temperature 40oC 30oC 25oC 40oC 25oC 
pH 4.66 8.18 4.66 8.18 4.66 4.66 4.66 
Qm (mg/g solid) 279.97 145.47 223.04 89.81 56.77 137.86 127.24 
K (ml/mg) 1.62 3.06 1.12 3.09 0.13 37.38 37.01 
R2 0.93 0.97 0.91 0.95 0.98 0.99 0.99 
5.2.2 Desorption of BSA  
5.2.2.1 Effect of temperature, pH and ionic strength on BSA desorption 
The Desorption of BSA from thermosensitive nano-magnetic particles were 
carried out by in 0.5M Na2HPO4 (pH 9.35), 0.01M NaH2PO4 (pH 4.7), 0.05M SDS 
solution and 1×10 -3 M Tween 80 solution. The adsorbed and desorbed quantities of BSA 
at equilibrium for feed concentration of 0.503 and 1.01 mg/ml are shown in Table 5-2.  
Table 5-2 Desorption results of BSA from thermosensitive nanomagnetic particles  




(mg/ g solid) 
Desorbed 





0.503 36.164 26.497 73.27 0.5M Na2HPO4 
(pH 9.35 1.01 88.42 64.37 72.80 
0.01M NaH2PO4 1.01 73.31 15.91 21.69 
SDS 1.01 92.46 60.85 65.81 
Tween 80 1.01 89.69 32.08 35.36 
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From Table 5-2 it is observed that no significant desorption with the buffer of same pH 
that is 0.01M NaH2PO4 (pH 4.7) and Tween 80. On the other hand, high desorption can 
be observed when using alkaline solvent 0.5M Na2HPO4 (pH 9.35) and SDS solution. 
Desorption efficiency is about 73 and 66 percent respectively. Therefore, desorption 
experiments were extended for 0.5M Na2HPO4 of pH 9.35.  
Desorption was carried out at a temperature of 20oC and under alkaline condition 
with a initial feed concentration of 1.525 mg/ml. Figure 5-8 shows the effects of 
adsorption-desorption with temperature. It is observed that more than 80% protein can be 
desorbed from the latex particles when the adsorption is carried out near the lower critical 
solution temperature (30oC) of PNIPAM. On the other hand, only about 60% BSA can be 
desorbed from the latex particle which has been adsorbed above the lower critical 
solution temperature (40oC). Although the amount of protein adsorbed increases with 
increasing temperature, lesser amount of protein can be desorbed. This is because at 
higher temperature the protein molecules are easily deformed either by the interactions 
between polymer chains and the molecules; or the electrostatic force at higher 
temperature.  
The effect of salt concentration on desorption of BSA from the PNIPAM coated 
latex particles is shown in Figure 5-9. The amount of desorbed BSA increases with 
increasing salt concentration in the desorption medium of 20oC for the concentration 
range of (0.5-1.5) M. The results observed are attributed to decrease in electrostatic 
attractive force by the increase in ionic strength, which leads to an enhancement of 
protein desorption. 

























Figure 5-8 Effect of temperature on adsorption and desorption (pH 9.35 and feed 





















Figure 5-9 Desorbed amount of BSA as a function of ionic strength (pH 8.18 and feed 
concentration 0.503 mg/ml) 
5.2.3 Evaluation of conformational changes of BSA 
5.2.3.1 Circular dichroism (CD) measurements 
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The CD spectra of native BSA and desorbed BSA by 0.5M Na2HPO4 (pH 9.35), 
buffer of same pH 0.01M NaH2PO4 (pH 4.7), SDS solution and 1×10 -3 M Tween 80 
solution are shown in Figure 5-10. From the figure it is observed that there are two 
extreme valleys at 208 and 222nm for native bovine serum albumin. However, the CD 
spectrum of desorbed protein by Na2HPO4 and SDS shows extreme valleys at 208 and 
222nm but at a lower helical structure. That means there is a structural change in the 
desorbed proteins. On the other hand, desorbed BSA from NaH2PO4 and Tween 80 
shows a very different spectrum from the native one. This leads to the idea that these 





















































































































Figure 5-10 Comparism of CD spectra of native and desorbed BSA by different 
desorption agents 
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Protein has different level of structures-such as primary, secondary, tertiary and 
quaternary structures. α-helix is one of the elements of secondary structure therefore the 
quantitative analysis of the structural change of BSA could be evaluated by the content of 
α-helix content preserved. Moreover, the CD spectrum data provide quantitative 
information about the change in the content in secondary structure. The α-helix content is 
estimated from the molar ellipticity at 208 nm [θ]208 according to,  
                                          208
[ ] 4000%  - 100%
33000 4000
of helix θα −= ×−                                               [5-2] 
 
 
Table 5-3 The estimated percentage of α-helix contents from circular dichroism spectrum 
 
% of α – helix 















46 17.93 10 4 14 - 7.24 - 
 
Table 5-3 shows % of the α-helix content of native and desorbed BSA. It shows 
that native BSA at pH 9.35 has 46% α-helix which is very close to the literature value 
48% between pH 8 to 10 (Peters 1985). On the other hand, native BSA at pH 4.7, SDS 
and Tween 80 the percentage of α-helix is very low from the literature value that means 
there is large structural change in the protein.  The desorbed protein by pH 9.35 has only 
14% α-helix. This is because soft proteins tend to undergo larger changes in secondary 
structure upon adsorption on solid surfaces. Also globular protein BSA is highly ordered 
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and has low entropy structures. Upon adsorption this structure may partly break down, 
thereby increasing the conformational entropy of the protein. Moreover, in the case of 
denaturation by heat, proteins usually completely lose secondary structures. The reason 
behind this might be as the temperature increases the hydrophobicity of the 
thermosensitive polymer increases so the bonding with the surface and adsorption 
becomes heavily entropic in nature to cause denaturation of BSA. The CD spectrum for 
desorbed BSA which was adsorbed at above and below LCST of the polymer was also 
studied (results not included). However, BSA has low conformational stability thus, for 
both cases it undergoes conformational changes upon adsorption on solid surfaces. The 
results show that the use of proper desorption environment can make less structural 
changes. 
5.3 Conclusions 
The nano-sized thermosensitive polymer, PNIPAM coated magnetic particles 
were prepared by seed polymerization using surface modified magnetic particles as the 
seed. The attachment of polymer chains with the nanomagnetic particles were confirmed 
by FTIR. The adsorption of BSA on these nanomagnetic particles coated with 
thermosensitive polymer was investigated as functions of temperature, pH and ionic 
strength. It was observed that large amount protein was adsorbed at higher temperature 
and less amount below the lower critical solution temperature; this behavior was 
attributed to the hydrophobic and hydrophilic characteristics of the coated nanomagnetic 
particles above and below the LCST of PNIPAM respectively. Therefore, it was 
concluded that adsorption is principally governed by the surface properties of the 
polymer coated nanomagnetic particles. However, the contribution of electrostatic 
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interaction was evident by the effect of pH and ionic concentration. As the pH and ionic 
strength were increased the electrostatic attractive force decreased between the polymers 
coated nanomagnetic particles and the protein molecule, consequently the amount of 
protein adsorption was reduced. The adsorption equilibrium results were fitted by the 
Langmuir-Freundlich model. Desorption of BSA was investigated as functions of 
temperature and ionic strength. The results showed that more than 80% protein was 
desorbed from the preadsorbed protein at 30oC. The effect of salinity revealed the 
contribution of electrostatic interaction on protein desorption. 
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Chapter 6 Adsorption/desorption of Lysozyme by 
Thermosensitive Nanomagnetic Particles 
6.1 Introduction 
In Chapter 5 the results from the study on the adsorption of soft protein BSA on 
nanomagnetic particles have been presented. This chapter discusses the experiments on a 
hard protein, lysozyme. Moreover, lysozyme is an enzyme hence enzyme activity is 
investigated after desorption from nanomagnetic particles. 
For extensive applications in biochemical separations, magnetic supports should 
posses a strong magnetic responsiveness, high stability, small size and high capacity for 
solute adsorption. Previously, researchers reported adsorption of lysozyme and α-
lactalbumin on hematite (Haynes and Norde 1995). Hematite is ferromagnetic materials 
and the media have permanent magnetization. Permanent magnetization could cause the 
particles to aggregate even if the supports have been removed from the magnetic field. 
On the other hand, superparamagnetic materials are expected to respond well to magnetic 
fields without any permanent magnetization. It is known that particle size below 30 nm 
shows superparamagnetism (OBrien et al. 1996). Some researchers investigated 
adsorption of lysozyme and α-lactalbumin on polystyrene latex particles and observed 
structural rearrangements of protein at the hydrophobic surface (Norde et al. 1995). 
Recently, nano sized bared magnetic particles (Fe3O4) were used for adsorption and 
desorption of lysozyme (Peng et al. 2004). It was found that lysozyme desorbed from the 
nanoparticles preserved both its structural and enzymatic activity.  
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Adsorption is one of the most important parts of separation. Many researchers 
used reversible thermosensitivity of N-isopropylacrylamide as adsorption and desorption 
tool. Adsorption of human serum albumin (HSA) on polystyrene core and PNIPAM shell 
by controlling pH and temperature showed that the maximum amount of protein was 
adsorbed at the isoelectric point of the protein and the main driving force involved was 
hydrophobic interaction (Elaissari and Bourrel 2001). However, no work on 
conformational changes has been reported. Desorption of proteins from interfaces 
depends essentially on the conditions under which they have been adsorbed. About 80-
100% desorption of BSA and LYZ from finely dispersed silica particles was observed in 
morpholine solution of pH 8.5. The result showed structural alternation of both BSA and 
LYZ upon adsorption on silica surface. (Norde and Favier 1992). Desorption of protein 
from the magnetic particles could be achieved by controlling various factors such as pH, 
temperature and ionic strength. The rate of desorption as a function of the adsorption 
layer coverage were studied in order to understand the extent of protein adsorption was 
reversible (Miller et al. 2005). 
It has been generally recognized that protein molecules which are interacting with 
solid surfaces will undergo some conformational changes. Such change may occur due to 
the intrinsic structural properties of protein. The orientation and conformational state of 
the adsorbed proteins can have significant influence on their biological reactivity of 
immobilized enzymes and antibodies, (Tan and Martic 1990). One of the most commonly 
used methods to study protein conformation in solution or adsorbed on to colloidal 
substrate is circular dichroism (CD) spectroscopy (Greenfield and Fasman 1969). The CD 
spectrum provides a global measure of the secondary structural features present in a 
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molecule. It was observed that adsorbed lysozyme on negatively charged polystyrene 
microspheres denatures significantly (Haynes and Norde 1995). However, no detail work 
has been done on adsorption, desorption and conformational change of lysozyme during 
processes of extraction by thermosensitive nanomagnetic particles. 
In this work, nano-sized magnetic particles coated with thermosensitive polymer 
(N-isopropylacrylamide) were used as the magnetic support with superparamagnetic 
property for adsorption of hard protein lysozyme. The adsorption was carried out at 
different temperatures and pHs. Desorption was carried out using either 0.5M NaH2PO4 
(pH 4) or 1.5M NaSCN (pH 6) as the desorbing agents. The conformational changes of 
lysozyme during the process of adsorption and desorption were studied using circular 
dichroism (CD), fluorescence intrinsic spectroscopy and enzymatic activity. 
6.2 Results and Discussion 
6.2.1 Adsorption of lysozyme on Thermosensitive Nanomagnetic Particles 
 6.2.1.1 Effect of temperature 
Figure 6-1 shows the effect of temperature on adsorption of LYZ on 
thermosensitive nanomagnetic particles. This adsorption behavior is caused by the 
presence of poly (NIPAM) in the particles’ surface. Increasing the temperature leads to 
the shrinkage of the crossed linked poly (NIPAM) with a corresponding enhancement of 
the surface charge density and dehydration character of the surface. The maximum 
amounts of LYZ adsorbed at 40oC and 25oC are about 200 (2.39mg/m2) and 120 
(1.3mg/m2) mg/g solid respectively. In contrast to this, only 40 mg/g solid of human 
serum albumin was adsorbed on thermosensitive core shell magnetic latex particles with 
magnetic polystyrene core and a rich poly (N-isopropylacrylamide) shell at 40oC 
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(Elaissari and Bourrel 2001). The adsorption behavior against temperature reflects that 
the hydrophobic interaction is the driving force in the adsorption process above LCST 






























Figure 6-1 Adsorption equilibrium isotherm of LYZ at different temperature 
(Ionic strength 0.01M and pH 11) 
6.2.1.2 Effect of pH  
The effect of pH on the adsorption capacity of LYZ on thermosensitive 
nanomagnetic particles was investigated with batch adsorption runs. Figure 6-2 presents 
the change of adsorbed LYZ at equilibrium as a function of pH at different equilibrium 
LYZ concentration. The isoelectric point of PNIPAM coated nanomagnetic particles is 
6.2 (Shamim et al. 2006) and the isoelectric point of LYZ is 11.1 which is similar to the 
reported experimental value (Haynes and Norde 1994). At pH 4.7 both LYZ and 
nanoparticles have positive charge therefore, the electrostatic repulsion does not favor the 
adsorption of LYZ on nanomagnetic particles. At pH value of 8.84, 9.94 and 11 magnetic 
particles are negatively charged while LYZ is positively charged. Thus the plateau value 
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increases with increasing pH which may be due to the increased lateral attraction between 
adsorbed LYZ and nanomagnetic particles.  However, maximum amount of LYZ is 
adsorbed at pH 11, which is the isoelectric point of LYZ. This result is expected, because 
maximum adsorption of a protein can be accomplished when it has a neutral charge that 
is at the isoelectric point. Chun and Stroeve (2002) studied adsorption of BSA and bovine 
hemoglobin (BHb) on surface modified nanoporous polycarbonate track etched (PCTE) 
membrane. The porous PCTE membranes were modified with monolayers of self-
assembled thiols (HSC10H22COOH) on electroless gold. They concluded that at pI of 
BSA (pH =4.7) the maximum adsorption occurred due to the weakest electrostatic 
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Figure 6-2 Adsorption of LYZ at different pH (Ionic strength 0.01M and temperature 
40oC) 
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6.2.1.3 Adsorption isotherms 
The adsorption isotherms of LYZ on PNIPAM coated nanomagnetic particles are 
shown in Figure 6-1 and Figure 6-2. The high slope of the curve indicates that the active 
sites on the surface are increasingly occupied by lysozyme with increasing concentration 
of lysozyme, which represents a typical high affinity type adsorption isotherm with 
greater slope. These isotherm obtained implies that adsorption process is controlled by 
Langmuir equation.  Langmuir equation is expressed as:  






Q Q= +                                                                       [6-1] 
where, Cb (mg/ml) and Q (mg/ g solid) are lysozyme concentration in the aqueous 
solution and the absorbed lysozyme on the solid at equilibrium, respectively. Qm in the 
maximum adsorption amount and K is the adsorption constant. Experimental data are 
fitted to the Langmuir equation using non-linear regression. The fitted parameters of the 
model for thermosensitive polymer coated magnetic particles are summarized in Table 6-
1. High R2 values indicate that the model describes the adsorption behavior. 
Table 6-1 Langmuir parameters for adsorption of lysozyme at different pH and 
temperature 
 PNIPAM coated magnetic particles  
Temperature 40oC 25oC 
pH 4.66 8.84 9.94 11.1 11.1 
Qm (mg/g solid) 113.21 144.51 151.31 210.61 123.66 
K (ml/mg) 10.05 9.47 12.06 30.66 25.38 
R2 0.96 0.98 0.99 0.97 0.95 
 
All isotherms show plateaus at all experimental pH ranges, and the adsorbed 
amount in equilibrium (Qm) is at maximum of 2.39 mg/m2 at pH 11 and 40oC. Whereas, 
some researchers obtained adsorption levels of 3.7 mg/m2 (Wahlgren and Arnebrant 
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1994). Depending on the orientation of the molecules, and assuming no change of shape, 
monolayer adsorption can be estimated to be from 1.8 to 2.7 mg/m2 assuming the 
molecular dimensions of lysozyme of 3.0×3.0×4.5 nm3 and molecular weight of 14600.  
Thus it is concluded that lysozyme formed monolayer adsorption on the surface of 
thermosensitive nanomagnetic particles. Figure 6-3 shows the schematic diagram of side-
on and end-on adsorption of protein on solid surfaces. Calculating the adsorbed layer 
thickness will clearly express this. 
The following equation was reported by some researchers for calculating the 
adsorbed layer thickness (Chiu et al. 1976; Shirahama and Suzawa 1985; Yoon et al. 
1996). 




π ρ∂ =                                                              [6-2] 
3√3/π is the packing factor, Cm is the plateau value of the adsorbed amount in mg/m2 and 
ρlyz is the density of LYZ (which corresponds to the reciprocal of its known partial 
specific volume, i.e. 0.756 cm3/g).  Table 6-2 shows the calculated ∂ values at different 
pH and temperature at 40oC and initial concentration 2.175 mg/ml.  The ∂ values are in 
the range of 1.5 to 3.02 nm. Only ∂ value near the isoelectric point (pH 11.1) is very 
important here, because intra-and intermolecular electrostatic repulsion of protein 
molecules is minimized near the isoelectric point (Shirahama and Suzawa 1985). 
Compared to the hydrodynamic dimensions of lysozyme, 3.0×3.0×4.5 nm3, these 
adsorbed layer thickness indicate that lysozyme molecules exist between the side-on and 
end-on mode. Adsorbed lysozyme thickness on thermosensitive nanomagnetic particles at 
different pH are summarized in Table 6-2.  From the table it is observed that the 
                                                                                         Chapter: 6  
 85
maximum thickness of adsorbed lysozyme is 3.02 nm at pH 11.1. As thickness does not 
exceed 4.5 nm, multilayer coating is not expected. 
 
Side on adsorption
End on adsorption  
Figure 6-3 Schematic diagram of side-on and end-on adsorption of protein on solid 
surfaces. 
Table 6-2 Calculated adsorbed layer of lysozyme thickness at different pH (40oC and 
concentration 2.175mg/ml). 
 
 PNIPAM coated nanomagnetic particles 
pH 4.7 8.84 9.94 11.1 
Thickness, 
nm 1.5 2.02 2.13 3.02 
 
6.2.2 Desorption of Lysozyme from PNIPAM coated Nanomagnetic Particles 
Protein adsorbed on the nanomagnetic particles at higher temperature could be 
desorbed at lower temperature (20oC). The affinity for the adsorption between the protein 
and the particles are changed along with the hydrophilicity of the particles surface. 
However, this might change from the hydrophilic state to the hydrophobic state by 
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changing the temperature below and above the lower critical solution temperature of the 
polymer. Desorption of lysozyme from nanomagnetic particles was carried out separately 
by 0.5M NaH2PO4 (pH 4) and 1.5M NaSCN (pH 6) solutions at equilibrium and 20oC 
and different feed concentrations. Figure 6-4 shows no significant changes in the 
desorbed amount with any of the systems at different feed concentrations. About 50% of 
the adsorbed protein is desorbed from the thermosensitive nanomagnetic particles. It was 
observed that a protein was partially removed by a change in pH and increase in ionic 
strength (Galisteo and Norde 1995). However, present desorption results varied from this 
because of the hydrophobic effect during the adsorption process above the lower critical 
solution temperature of the polymer. Such a result is expected since hydration of the 
hydrophobic sorbent surface, on removal of the protein, involves a large loss of entropy 
(Liu and Wang 1995). Moreover, this phenomenon could also be explained as when the 
temperature increases during adsorption process the hydrophobicity of the 
thermosensitive polymer increases so the bonding with the surface and the hydrophobic 
protein lysozyme, therefore, adsorption becomes heavily entropic in nature to cause less 
desorption. It was observed that lysozyme was removed from nickel surface by a change 
in pH and increase in ionic strength, particularly for SCN- (Liu and Wang 1995). 
However from Figure 6-4, we can see even less desorption was achieved by using 1.5M 
NaSCN (pH 6) as the desorption agent. This is because the isoelectric point of the 
polymer coated particle is 6.2 (Shamim et al. 2006), therefore, the repulsive force 
between the particles and protein at pH 6 was not strong for more desorption. As a result, 
partial desorption of lysozyme was achieved from the hydrophobic surface by varying the 
pH.  
                                                                                         Chapter: 6  
 87
Among the two desorbing agents used in this study, NaH2PO4 is more efficient 
compared to NaSCN. Although the maximum overall desorption efficiency is below 
50%. Our work on BSA adsorption/desorption on thermosensitive magnetic particles 
(Shamim et al. 2007) shows that the effect of adsorption temperature on subsequent 
desorption is significant. BSA desorption percentage changed form 63 to 88% for change 
of adsorption temperature from 40 to 30oC. It was stated that at higher temperature 
protein might form complex with the thermosensitive polymer and also possibility of 
protein molecule penetration inside shell network. These might cause desorption more 
difficult. Protein molecule size may have some effect on desorption as well. Smaller 
protein molecules (BSA molecules are about four times larger than lysozyme) are 
expected to be adsorbed more strongly than the larger molecule proteins and hence likely 
to be more difficult to be desorbed. This is some preliminary investigation and needs 
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Figure 6-4 Desorption of lysozyme at 20oC 
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6.2.3 Evaluation of desorbed lysozyme 
To evaluate the effectiveness of magnetic separation, conformational change, and 
enzymatic activity of lysozyme during the process of adsorption desorption were 
measured and compared using circular dichroism (CD) and fluorescence spectroscopy.  
6.2.3.1 CD spectrum measurement 
The CD spectra of native lysozyme and lysozyme desorbed from thermosensitive 
nanomagnetic particles by either NaH2PO4 or NaSCN solution are shown in Figure 6-5. 
The native lysozyme shows two extreme valleys at 208 and 222nm. Lysozyme desorbed 
by NaH2PO4 also shows two extreme valleys at 208 and 222 nm indicating similar 
structure with the native lysozyme. Therefore, lysozyme desorbed by NaH2PO4 remains 
in its original structure. This phenomenon can be explained by the hardness that is the 
stability of the native structure of lysozyme. On the other hand, the CD spectra of 
lysozyme desorbed by NaSCN are fully disordered. This is because NaSCN shows strong 
absorbance in the range of 200-260 nm with water as reference (Peng et al. 2004). 
Therefore, conformational changes of lysozyme desorbed by NaSCN could not be 
evaluated by CD. 



























Figure 6-5 Comparison of CD spectra of native lysozyme (pH 4) and lysozyme desorbed 
by NaH2PO4 (pH 4) and NaSCN (pH 6.0) from thermosensitive nanomagnetic particles 
Protein has different level of structures, such as primary, secondary, tertiary and 
quaternary structures. α-helix is one of the elements of secondary structure therefore the 
quantitative analysis of the structural change of LYZ could be evaluated by the content of 
α-helix content preserved. Moreover, the CD spectrum data provide quantitative 
information about the change in the content in secondary structure. The α-helix content is 
estimated from the molar ellipticity at 208 nm. It could be estimated from the following 
equation (Greenfield and Fasman 1969):  
                                              
[ ] 4000%  - 100%
33000 4000
mrdof helix θα −= ×−                                  [6-3] 
where, [θ]mrd is the mean molar ellipticity per residue at 208nm (deg cm2\dmol). Usually, 
the raw data from the experiment are expressed as [θ]d in the unit of mdeg. To convert to 
mean molar ellipticity per residue equation [6-4] may be used 
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θθ =                                                             [6-4] 
where, [θ]d is the ellipticity in the unit of mdeg. M is the molecular weight of lysozyme 
(Dalton), C is the lysozyme concentration (mg/ml), L is the sample cell length (cm) and 
Nr is the number of amino acid residues for lysozyme it consists of 129 amino acid 
residues. 
Table 6-3 shows percentage of α-helix in native lysozyme is 20.7% at pH 4 which 
is near the literature value of 29% (Greenfield and Fasman 1969) . The α-helix 
percentage for lysozyme desorbed by NaH2PO4 is 17.24% which is very close to the 
native lysozyme. 
 
Table 6-3 Estimated percentage of α – helix of lysozyme from circular dichroism 
spectrum 
% α – helix 
Native lysozyme Desorbed lysozyme 
pH 4.0 NaH2PO4 pH4.0 NaSCN pH 6.0 
20.7 17.28 - 
6.2.3.2 Fluorescence measurement 
Fluorescence spectroscopy provides information on the structures of protein 
adsorbed to optically transparent substrates (Haynes and Norde 1995). The emission 
spectra of native lysozyme (pH 4.0) and desorbed lysozyme by NaH2PO4 and NaSCN are 
depicted in Figure 6-6. The figure shows that fluorescence intensity of the native 
lysozyme at 339 nm, which is in agreement with previously reported values (Teichberg 
and Sharon 1970; Imoto et al. 1972). The lysozyme desorbed by NaH2PO4 also shows 
maximum intrinsic fluorescence intensity at 339 nm. The fluorescence intensity of 
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desorbed lysozyme by NaH2PO4 decreased by 58% without any apparent peak position 
shift in emission curve.  Normally, the fluorescence intensity will change as a result of 
binding; it will either decrease or increase, depending on the nature of the probe. Since 
the conformational stability of lysozyme molecule is high, it is not expected to detect a 
large change in the structure. Also it has been shown that 80% of the intrinsic 
fluorescence of  lysozyme originated from two of the six tryptophans (TRP 62 and 108) 
(Imoto et al. 1972) , and from X-ray crystal structure it is known that these two 
tryptophans reside at the active site (Blake et al. 1967). From this information it can be 
stated that the apparent hydrophobicity of the active site is not changed upon desorption, 
but the pathway of an excited electron to the ground state by means of external 
conversion has been diminished. Therefore, it indicates that desorbed lysozyme by 
NaH2PO4 could recover most of its original structure. However, lysozyme desorbed by 
NaSCN shows a + 8 nm band shift. This may be attributed to the high ionic strength 
resulting from the higher concentration of NaSCN (Buijs and Hlady 1997). It is suggested 
that KSCN destabilizes the native state of lysozyme to the unfolded state decreasing the 
conformational stability of lysozyme (Eggers and Valentine 2001). Moreover, SCN- 
anion is a softer lewis base than H2PO4- anion, so the former is likely to form electron 
donor-acceptor pair with a part of the lysozyme due to an appropriate matching of lewis 
acid-base strength.  Since the intrinsic tryptophan fluorescence indicated that NaSCN 
may cause a large conformational change of lysozyme when used as desorption agent. It 
is suggested to use NaH2PO4 as desorption agent. 
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Figure 6-6 Fluorescence emission spectra of native lysozyme (pH 4) and desorbed 
lysozyme by NaH2PO4 (pH 4) and NaSCN (pH 6) from thermosensitive nanomagnetic 
particles. 
6.2.3.3 Enzymatic activity measurement  
The result of activity assay of native lysozyme and desorbed lysozyme by 
NaH2PO4 (pH 4) were calculated from the following equation  





−= × ×                                               [6-5] 
E1 and E2 are the absorbance at the time of 0 and 2 min respectively and Ew is the weight 
of the added lysozyme in milligram. It was observed after desorption from 
thermosensitive nanomagnetic particles by NaH2PO4 87 % activity of lysozyme retained 
in compare to native lysozyme. As lysozyme desorbed by NaSCN is fully disordered as 
per CD and fluorescence results we did not check the activity of desorbed lysozyme by 
NaSCN. 
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6.3 Conclusions 
The adsorption of lysozyme on thermosensitive polymer (PNIPAM) coated 
nanomagnetic particles were investigated as functions of temperature and pH. It was 
observed that more protein was adsorbed at a temperature higher than the lower critical 
solution temperature of the polymer; this behavior is attributed to the hydrophobic and 
hydrophilic characteristics of the nanomagnetic particles above and below the LCST of 
PNIPAM respectively. Therefore, it was concluded that adsorption is principally 
governed by the surface properties of the polymer coated nanomagnetic particles. 
However, the contribution of electrostatic interaction was evident by the effect of pH and 
more protein was adsorbed near the isoelectric point of lysozyme (pI=11.1). Adsorption 
behavior was fitted by the Langmuir adsorption isotherm model.  
Desorption of lysozyme by NaH2PO4 and NaSCN were carried out below the 
lower critical solution temperature of the polymer and the results did not lead to 
significant desorption. The desorbed lysozyme was compared with the native one for 
conformational changes. The recovered lysozyme does not show any structural 
rearrangements and had residual activity of 87%. This suggests that thermosensitive 
polymer PNIPAM is capable of purifying lysozyme through adsorption/desorption 
processes effectively and efficiently in terms of high adsorption capacity while 
preserving the bioactivity of the enzyme. 
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Chapter 7 Adsorption/desorption of BSA on MAA Coated 
Thermosensitive Nanomagnetic Particles 
 
7.1 Introduction 
 The work on the adsorption of BSA and LYZ on thermosensitive nanomagnetic 
particles have been described in Chapter 5 and Chapter 6 respectively. The main driving 
force for the adsorption of the proteins on these particles is the hydrophobicity above the 
lower critical solution temperature of the PNIPAM coated nanomagnetic particles. In this 
chapter, the work on the adsorption of BSA on highly carboxylated nanomagnetic 
particles and the effects of surface functional group and interaction forces on the 
adsorption are presented. 
The adsorption of proteins on microspheres have been widely studied in the field 
of biomedical applications, such as artificial tissues and organs, drug delivery systems, 
biosensors, immunomangetic cell separations and immobilized enzymes and catalysts. 
Such application needs the coupling of blood proteins and microspheres thus the 
adsorption of protein is so important.  
Many researchers have published paper about the interaction forces between 
proteins and microspheres. Some researchers concluded that hydrophobic interaction is 
the most important aspect of protein adsorption and increasing hydrophobicity will 
increase the level of adsorption (Suzawa and Murakami 1980; Shirahama et al. 1989). 
Others claimed that hydrogen bonding is more important than hydrophobic interaction, in 
which they used the copolymerized particles with acrylate or acrylic acid 
(carboxylated)(Suzawa et al. 1982; Shirahama and Suzawa 1985).  It is known that the 
driving forces for the adsorption of protein on magnetic particles are hydrophobic, 
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electrostatic, ligand binding and hydrogen bonding. Carboxylated microspheres have 
three interaction forces – hydrophobic, electrostatic and as well as hydrogen bonding. 
That is why these particles are used as model colloids for explaining the protein 
adsorption. 
Adsorption is a conventional but very important separation process. It has been 
widely used in the chemical, biological, analytical and environmental fields. Recently, 
the separation of protein using aminated thermosensitive core shell latexes were studied 
(Duracher et al. 2004) and suggested hydrophobic interaction as well as electrostatic 
interaction is influencing the adsorption. Moreover, they investigated desorption below 
lower critical solution temperature of the polymer and observed desorption was mainly 
controlled by the incubation time during the adsorption step. Thus, desorption depends on 
various parameters. Some researchers noted that desorption of BSA from cross linked 
chitosan could be done by an alkaline buffer solution (Yoshida and Kataoka 1989). 
Others used alkaline condition (pH 10-13) for desorption of recombinant Escherichia coli 
from chitosan-conjugated magnetite (Honda et al. 1999). Quantitative effects of surface 
functionalized group and interaction forces on highly carboxylated microspheres were 
also studied (Yoon et al. 1996). In addition to this, they investigated the adsorption 
behaviors of BSA on these microspheres. However, they did not report any desorption 
results from the carboxylated thermosensitive nanomagnetic particles.    
However, no work has been published to compare interacting forces on 
thermosensitive and carboxylated thermosensitive polymer coated nanomagnetic 
particles. In this work, both thermosensitive (NIPAM) and carboxylated thermosensitive 
(MAA-NIPAM) polymer coated magnetic particles were prepared and interaction forces 
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for adsorption of bovine serum albumin (BSA) were studied. Adsorption isotherms were 
obtained as a function of temperature. Throughout this chapter thermosensitive and 
carboxylated thermosensitive polymer coated nanomagnetic particles are defines as 
PNIPAM and MAA-PNIPAM coated nanomagnetic particles respectively. Desorption of 
BSA from the surface modified PNIPAM and MAA-PNIPAM magnetic nanoparticles 
were also studied and compared. 
7.2 Results and Discussion 
7.2.1 Adsorption of BSA on Nanomagnetic Particles 
MAA-PNIPAM coated core-shell nanomagnetic particles were used for 
adsorption of BSA at different temperatures and concentrations. It is known that the 
hydrophobic interaction have a major role in protein adsorption phenomena (Ding et al. 
2000; Duracher et al. 2004). The thermosensitive PNIPAM offers hydrophobic surface 
above the lower critical solution temperature (LCST). On the other hand, carboxyl group 
of MAA-PNIPAM coated nanoparticles forms hydrogen bond with the amino groups and 
carbonyl groups of protein molecule. Thus, carboxyl group also plays an important role 
in protein adsorption. Therefore, the major interactions involved in protein adsorption are 
hydrophobic interaction, electrostatic interaction and hydrogen bonding. Figure 7-1 
schematically shows the proposed protein adsorption mechanism on MAA-PNIPAM 
coated particles. However, the ionic interaction can be neglected or considered constant. 
This is because in our experiment the pH used is 4.7, carboxyl group will not dissociate 
in this pH only sulfate group originated from the initiator will contribute to ionic 
interaction. However, the amount of sulfate group is very small compared to carboxyl 




























Figure 7-1 Mechanism of protein adsorption on carboxylated thermosensitive 
nanoparticles. 
7.2.1.1 Effect of pH  
Adsorption equilibrium of BSA was studied at different pH and the results are 
shown in Figure 7-2.  It indicates that pH has a significant effect on the adsorption of 
BSA on MAA-PNIPAM coated magnetic particle. The maximum adsorption of BSA 
occurred at pH 4.66, which is close to isoelectric point of BSA (pI=4.7). Similar 
phenomenon was observed in published work on BSA adsorption on carboxylated 
PS\PMAA  lattices (Yoon et al. 1996). Since polymer and surfactant was coated on 
magnetic particles, the main driving force for the adsorption of BSA is believed to be the 
electrostatic interactions, hydrophobic interaction and hydrogen bonding between BSA 
molecules and magnetic particles. The maximum amount of BSA adsorbed on the MAA-
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PNIPAM coated nanomagnetic particles in the present work is 328 mg/g solid at pH of 
4.66.  This is higher compared to the adsorption of BSA on PNIPAM coated particles 
(279 mg/g solid by (Shamim et al. 2006)). This is because only electrostatic and 
hydrophobic interaction is the driving force for adsorption of protein on PNIPAM coated 
nanomagnetic particles. On the other hand, hydrogen bonding is a dominant factor for 
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Figure 7-2 BSA adsorption equilibrium on MAA-PNIPAM coated particles at different 
pH 
7.2.1.2 Effect of ionic strength 
The effect of NaCl concentration on the adsorption of BSA on MAA-PNIPAM 
coated nanoparticles was studied for two different feed concentrations (0.503 and 1.525 
mg/ml at pH 4.66) and different pH (pH 4.66, pH 8.18 at feed concentration 
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1.525mg/ml). Both experiments were carried out at 40oC. The results are shown in 
Figures 7-3 and 7-4. 
Results from Figure 7-3 show that when NaCl concentration is increased from 0 
to 0.5 M, there is no significant change on BSA adsorption for 0.503 mg/ml feed solution 
and in case of 1.525 mg/ml feed solution, there is a slight increase, about 7%, in 
adsorption. However, when NaCl concentration is increased to 1.5 M, significant change 
in adsorption is observed, 26% decrease in case of 0.503 mg/ml feed and 40% for 1.525 
mg/ml feed concentration. Some researchers have proposed that high concentration of 
NaCl ions could cover the particle surface and form an ion shield, which can decrease the 
diffusivity of proteins and enlarge the absorbed proteins molecules, and therefore reduce 






















Figure 7-3 Effect of salt (NaCl) concentrations on BSA adsorption at pH 4.66 for two 
feed concentrations (0.503 and 1.525 mg/ml) 
Chapter: 7 
 100
In order to investigate the effect of ionic strength on the electrostatic adsorption 
the effect of ionic strength was studied at acidic and basic pH levels. Figure 7-4 shows in 
both acidic and basic pH the amount of BSA adsorbed decreased with increased ionic 
strength. The reason behind this may be at basic pH 8.18 and at high temperature (40o C) 
the increase in salinity reduces the electrostatic repulsion between the protein molecule 

























Figure 7-4 Effect of salt [NaCl] concentration at different pH for feed concentration 
1.525 mg/ml and temperature 40oC 
7.2.2 Comparison between adsorption on PNIPAM and MAA-PNIPAM 
coated particles  
The effect of temperature on BSA adsorption on PNIPAM coated nanomagnetic 
particles at different temperatures are shown in Figure 7-5(A). It can be observed that 
larger amount of protein is adsorbed at higher temperature. The affinity for protein 
adsorption tends to increase, because as the temperature increases the polymer network 
shrinks and the surface of the particles become hydrophobic resulting higher amount of 
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BSA adsorption. It is clear from the Figure 7-5 (A) that at 25o C which is much lower 
than the lower critical solution temperature of the polymer; the amount of protein 
adsorption is insignificant. Therefore, it is concluded that temperature dependency of 
adsorption of BSA on PNIPAM nanomagnetic particles is mainly attributed to the change 
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Figure 7-5 BSA adsorption isotherms at different temperatures on PNIPAM (A) and 
MAA-PNIPAM (B) coated nanomagnetic particles at pH 4.7 and 0.01M. 
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The adsorption of BSA on MAA-PNIPAM coated nanomagnetic particles is 
shown in Figure 7-5(B). Proteins are adsorbed on the MAA-PNIPAM coated 
nanoparticles through hydrogen bonding between carboxyl-crbonyl or amide-carboxyl 
groups (Yoon et al. 1996). In this case, it is observed that more proteins are adsorbed at 
higher temperature on the carboxylated nanoparticles than only PNIPAM coated 
nanomagnetic particles. This is because BSA molecules have NH3+ and COO- groups on 
its surface and they form hydrogen bonds with the MAA- PNIPAM particle. However, 
some of the active sites of protein are also adsorbed by hydrophobic interactions. The 
figure shows at different temperature amount of BSA adsorbed on MAA-PNIPAM 
coated particles is not significant. So it exhibits large hydrogen bonding interactions 
minimizing the hydrophobic effect. It is suggested that by increasing the concentration of 
carboxyl group on the surface of the particles hydrogen bonding interaction becomes 
dominant for BSA adsorption irrespective of pH (Yoon et al. 1996). 
7.2.2.1 Adsorption equilibrium 
The adsorption isotherms of BSA protein onto PNIPAM coated and MAA-
PNIPAM coated nanoparticles as a function of temperature is shown in Figure 7-5. 
Although the shapes of the isotherms are Langmuir, the isotherms do not show any initial 
rapid increase, so the Langmuir isotherm failed to fit the experimental data. The 
experimental data was fitted by Langmuir-Freundlich isotherm using non-linear 
regression (using Origin 7.5 software). The Langmuir-Freundlich equation is expressed 
as,  









= +                                       [7-1] 
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where, Cb (mg/ml) and Q (mg/ g solid) are BSA concentration in the aqueous 
solution and the absorbed BSA on the solid at equilibrium, respectively. Qm is the 
maximum adsorption amount, K is the adsorption constant and n is the exponential factor. 
The values of n were relatively constant between 0.4 and 0.5, and hence n could be fixed 
to its average value of 0.45 (Yoon et al. 1996). The fitted parameters of the model for 
both PNIPAM and MAA-PNIPAM nanomagnetic particles at pH 4.7 are summarized in 
Table 7-1. Relatively high R2 values (> 0.9) indicate that the model predicts well the 
adsorption behavior. Moreover, if we focus on the amount of adsorption on MAA-
PNIPAM coated particles in Table 7-1 it is observed that the difference in maximum 
amount of protein adsorbed at different temperatures such as 40oC, 30oC and 25oC is not 
too much. On the other hand adsorption on PNIPAM coated particles at 25oC is very 
small. This indicates that hydrogen bonding is dominant for protein adsorption on MAA-
PNIPAM coated nanoparticles. 
Table 7-1 Langmuir-Freundlich parameters for BSA adsorption isotherms at pH 4.7. 
 PNIPAM coated particles MAA-PNIPAM coated particles 
 40oC 30oC 25oC 40oC 30oC 25oC 
Qm (mg/g solid) 279.97 223.04 56.77 328.44 300.42 201.92 
K 1.62 1.12 0.12 1.26 0.69 0.49 
R2 0.93 0.91 0.98 0.92 0.93 0.99 
7.2.3 Desorption of BSA 
Desorption of BSA from PNIPAM coated and MAA-PNIPAM coated 
nanomagnetic particles were carried out at 20oC the temperature which is far below the 
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lower critical solution temperature (32oC) of PNIPAM and under alkaline condition of 
pH 9.35. This is because, when pH changed from 4.7 to 9.3, BSA molecules with 
negative charge may favor the interparticle repulsion with the magnetic particles showing 
negative surface charge, and thereafter resulting more desorption of BSA. However, 
when pH is kept at 4.0, magnetic particles, and BSA molecules show positive charges. 
The electrostatic repulsion may result more desorption of BSA from magnetic particles. 
Unlikely, in this case, less BSA was desorbed. This is because, at pH 4.0 (very close to 
BSA isoelectric point pI=4.7), BSA molecules undergoes small conformational changes, 
and therefore minimize the intermolecular repulsion. This may keep BSA molecules 
attached tightly on magnetic particles. The adsorbed and desorbed quantities of BSA at 
equilibrium for different feed concentration and temperature for PNIPAM coated and 
MAA-PNIPAM coated nano-particles are shown in Table 7-2 and Table 7-3 respectively.  
Table 7-2 Desorption results of BSA from PNIPAM coated particles  
PNIPAM coated particles Initial 
Concentration 
mg/ ml 











BSA (mg/ g 
solid) 
Desorbed 











Table 7-3 Desorption results of BSA from MAA-PNIPAM coated particles  
MAA-PNIPAM coated particles Initial 
Concentration 
mg/ ml 
Adsorption Temperature  40oC 30oC 
 Adsorbed 
BSA (mg/ g 
solid) 
Desorbed 














2.00 179.45 ± 2.0 100.48 ± 1.5 55.99 ± 1.5 143.06 ± 1.2 116.53 ± 1.0 81.46 ± 1.8
The results in Tables 7-2 and 7-3 show that about 80% proteins are desorbed if 
the adsorptions take place at a temperature near the lower critical solution temperature of 
PNIPAM. On the other hand, desorption percentage is only 60% when adsorption is 
conducted at higher temperature 40oC. This is because at higher temperature proteins will 
form a complex with the thermosensitive polymer. The observed behavior can also be 
interpreted as the possible permeation of protein molecules inside the shell network 
(Kawaguchi et al. 1988). The mechanical entrapment of BSA molecule by PNIPAM 
chains during shell shrinkage can also contribute to less percentage of desorption at 
higher temperature (Duracher et al. 2004).  
7.4. Conclusions 
Results from the experiments show that both PNIPAM and MAA-PNIPAM 
coated core shell nano-magnetic particles can be used for adsorption and desorption of 
proteins. The adsorption of BSA on PNIPAM magnetic particles is principally governed 
by hydrophobic interaction above the LCST of the polymer while for MAA-PNIPAM 
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magnetic particles hydrogen bonding is dominant. Comparing the extremes of two 
interactions, hydrogen bonding is stronger than hydrophobic interactions for MAA-
PNIPAM coated particles. The adsorption equilibrium results are fitted well by the 
Langmuir-Freundlich model. Desorption of BSA from both surface modified magnetic 
particles was carried out below the LCST of PNIPAM and at alkaline condition which is 
above the isoelectric point of the protein. More than, 60% desorption efficiency was 
achieved for adsorption at higher temperature (40oC) and 80% efficiency was achieved 
for adsorption at lower temperature (30oC). 
The obtained results indicate that these particles can be used for protein isolation 
and purification by controlling the temperature, thus supplementing other techniques such 
as precipitation using high salt concentrated medium and gel column system. 
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Chapter 8 Conclusions and Recommendations 
 
8.1 Conclusions 
The main aim of the study is to present a systematic and comprehensive study on 
the application of thermosensitive nano-magnetic particles for separation of 
biomolecules. The results are divided into four parts and presented in four separate 
chapters. These are thermosensitive nano-magnetic particles characterization results, 
adsorption/desorption results of BSA on thermosensitive particles (PNIPAM coated), 
adsorption/desorption results of lysozyme on thermosensitive particles and 
adsorption/desorption results of BSA on carboxylated thermosensitive particles (MAA-
PNIPAM). All these results are presented in four separate chapters.  
The first part of experiment deal with synthesis and polymerization of 
thermosensitive nano-magnetic particles, and characterization of the chemical, physical 
and magnetic properties of the magnetic nano-particles. Thermosensitive polymer coated 
nano-magnetic particles were successfully prepared by seed polymerization (Chapter 3). 
The TGA result showed 9% presence of PNIPAM on the surface of the nano-magnetic 
particles. XRD pattern indicated that the composition of the seed of the thermosensitive 
nano-magnetic particles is Fe3O4. The XRD pattern also showed the characteristic peaks 
at 2θ of 30.1, 43.1, 53.4, 57 and 62.6. It was observed superparamagnetic behavior of 
poly (NIPAM) coated nano magnetic particles by VSM with a saturation magnetization 
of 52 emu/g. The size of the particles were measured by TEM and the result showed the 
particles were in nano scale with an average diameter of 12-15nm. Moreover, the specific 
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surface area of the thermosensitive nano-particles was calculated to be 85m2/g using BET 
(Chapter 4). 
Adsorption and desorption of a large and complicated protein bovine serum 
albumin (BSA) on nano-sized thermosensitive magnetic particles were studied. The 
results showed that adsorption was governed by both temperature and electrostatic 
interaction. The maximum amount of BSA was adsorbed at a temperature higher than the 
lower critical solution temperature (32oC) of the polymer and at the isoelectric point of 
BSA (pI 4.7). Salt concentration, in particular, NaCl at lower concentration [0.5-1.5M] 
had a significant effect on protein adsorption. Desorption was studied using Na2HPO4 as 
the desorption agent and the process was controlled by both pH and temperature. One 
interesting observation was adsorption of BSA at higher temperature (40oC) leads to less 
amount of desorption percentage (62%) while adsorption of BSA at lower temperature 
(30oC) leads to higher amount of desorption percentage (87%). This is because at higher 
temperature protein might denature and form a complex with thermosensitive polymer. 
Conformational changes of BSA showed about 14% BSA retains its native state after 
adsorption. The result suggests that BSA loses most of its original structure compared to 
its native state. 
 Adsorption/desorption of comparatively hard and small molecular weight protein 
(lysozyme) was discussed in Chapter 6. Similar to adsorption of BSA, adsorption of LYZ 
on thermosensitive nano-magnetic particles was also dependent on temperature and pH 
and the maximum amount was adsorbed at a temperature higher than LCST of PNIPAM 
and at the isoelectric point of LYZ (pI=11). Desorption was carried out using NaH2PO4 
and compared for conformational changes. In contrast to the results obtained for 
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conformational changes of BSA, LYZ showed that it can preserve both its structure and 
enzymatic activity compared to native LYZ. 
 Adsorption/desorption of BSA on PNIPAM and carboxylated MAA-PNIPAM 
coated magnetic nano-particles were compared. The result showed that adsorption of 
BSA on PNIPAM magnetic particles was principally governed by hydrophobic 
interaction above the LCST of the polymer while for MAA-PNIPAM magnetic particles 
hydrogen bonding is dominant. Desorption results showed 60% desorption efficiency was 
achieved for adsorption at higher temperature (40oC) and 80% efficiency was achieved 
for adsorption at lower temperature (30oC). 
The results obtained from the present study might be applicable in the field of bio-
engineering and bio-processing industries. The flexibility afforded due to the synthesis of 
the thermosensitive nano-magnetic particles allows a wide range of functionalities to be 
incorporated onto the particle surface and provides a range of chemical processing 
application. These functional nano magnetic particles can couple with proteins, 
antibodies, glycoproteins, lectin, dyes and enzymes for many applications. Moreover, the 
results of the adsorption/desorption and conformational changes of the desorbed products 
implied that nano-magnetic particles covered with thermosensitive polymer have the 
potential to be used in the separation of biomolecules such as proteins and enzymes. 
8.2 Recommendations for future work 
There are several interesting directions for future research in the field of 





• Present study used single component system. Future study should focus on 
multi-component systems, starting with a binary system and then moving 
to a multi-component system. For multi-component, both simulated as 
well as actual protein source systems should be used. A selective and 
sequential adsorption approach may be tried.  
 
• Results from present study show that BSA undergoes conformational 
changes through adsorption/desorption on thermosensitive magnetic 
particles. Future research should focus on refolding of the denatured bio-
molecules.  
 
• In future, it will be interesting to compare the extent of conformation 
changes upon adsorption/ desorption of proteins on PNIPAM and MAA-
PNIPAM coated nano-magnetic particles 
 
• Surface-activated magnetic nano-particles have potential applications in 
cancer treatments though radiotherapy. One strategy could be 
administration of drugs, metabolites etc that have been labeled with 
radioactive isotopes in a quantity sufficient to deactivate the tumor cells.  
 
• Chairality is a major concern in the modern pharmaceutical industry. To 
avoid the possible undesirable effects of a chiral drug, it is imperative that 
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only the pure, therapeutically active form be prepared. Hence there is a 
great need to develop the technology for analysis and separation of 
racemic drugs. Magnetic particles functionalized with some specific 
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